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ABSTRACT 


Two regions of the Milky Way, LF1 in Aquila and LF2 in Cygnus, have been studied by means of 
data on spectra and colors of stars to mpg = 12.5. The work is the first part of a broad program for study 
of fluctuations in the stellar luminosity function near the galactic plane. 

By means of red color excesses, E,, and a ratio 2.6 for total photographic absorption to color excess, 
the interstellar absorption at 2000 parsecs is found to be 1.7 mag. in LF1 and 1.0 mag. in LF2. 

Space densities, corrected for absorption, for var:ous spectral groups are shown in Figure 5. These 
have been used to compute a luminosity function in each region at distances of 100, 200, 400, and 600 
parsecs (see Tables 15 and 16). The fluctuation in the form of this function is shown in Figures 8 and 10. 
The principal departures from the standard Van Rhijn luminosity function, at 100 parsecs, are an excess 
of 0.3 in log g(M) for —2 < M < +1 in both regions, and a deficiency of about the same amount for 


+2<M < +4. 
INTRODUCTION 


Analyses of general star counts for space density have demanded certain assumptions 
regarding the distribution of absolute magnitudes which are known to yield only a first 
approximation to the stellar population in any given region. One of the most important 
of these assumptions is that the relative number of stars per cubic parsec within a given 
interval of absolute magnitude is the same everywhere in the galactic plane. Variation 
of the form of the function log g(M)! with distance from the galactic plane is well 
known, of course, and allowance is made for it in the analysis of star counts. But the lack 
of detailed spectral data for faint stars has limited our knowledge regarding fluctuations 
of y(M) with distance and with galactic longitude. If the order of magnitude of these 
fluctuations can be found, some light can be thrown on the uncertainties arising from 
this cause in the general star-count analyses. 

Recent work by Miller and Hanna,? by Bok and Rendall-Arons,* and by Bok and 
Wright‘ has indicated fluctuations in log g(M) with galactic longitude of the order of 0.6; 
the variations with distance in specific regions amount to about 0.3. Spectra for this 
work have been taken from the Henry Draper Catalogue and Extension, and colors on 


‘ The quantity g(M) is the number of stars per cubic parsec in the vicinity of the sun, with absolute 
magnitudes between M — } and M + }. 


2 4.J., No. 1139, 1942. 3Ap. J., 101, 295, 1945. ‘Ap. J., 101, 310, 311, 1945. 
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the blue-red system have been measured at Harvard. A summary of the results for 
several investigations, together with a bibliography of previous work on the problem, 
is given by Bok and Wright.‘ The disturbing feature is the erratic nature of the fluctua- 
tions for even small distance and longitude variations. 

In an effort to provide a uniform set of data for a study of this problem, spectra to 
Mpg = 12.25, photographic and photored magnitudes, and general star counts to mp, = 
18.0 for twelve areas in the Milky Way are being obtained with the 24-36-inch Schmidt- 
type telescope at the Warner and Swasey Observatory. With the exception of one or two 
areas in the Cygnus cloud, the regions under investigation have been selected as far as 
possible for smoothness of stellar distribution. The areas are distributed in galactic 
longitude from 12° to 202°. Each area is approximately 5° in diameter, some variation 
existing because of plate-centering fluctuations and the casting-off of stars near the 
borders of the field. Table 1 gives the designations of the regions and the co-ordinates of 


TABLE 1 
CENTERS OF LUMINOSITY-FUNCTION REGIONS 


LF Region | R.A.(1945) | Dec. (1945) l LF Region | R.A.(1945) | Dec. (1945) 


1927" | + 659 1 12° +60°2 
19 36 +30.0 33 +56.8 114 
20 04 +35.4 40 +41.6 133 
20 00 +38.0 42 +14.0 165 
20 15 +38.0 44 — 1.1 182 
22 22 +53.8 70 —19.2 202 


the centers for 1945. The galactic co-ordinates are referred to the pole R.A. 1240, 
Dec. + 28°. The results of an analysis of the data for regions LF1 and LF2 are presented 
in the following pages. 


OBSERVATIONAL DATA 


SPECTRA 


Spectra with both the 4° and the 2° prisms attached separately to the 24-inch Burrell 
telescope have been obtained. Spectral classifications have been made on two or more 
plates for each field, the exposure times having been adjusted so as to coyer the bright, 
as well as the faint, stars. Eastman 103a-O plates with 10-minute exposure times and 
Eastman IIa-O plates with 20-30-minute exposure times were used for the faintest 
stars. 

Nassau and Seyfert’ have described the criteria used in classification of spectra. In 
the luminosity-function program now under way, cross-checks are being maintained on 
the observers taking part, so that no large systematic errors will arise. In the present 
instance spectral classifications in LF1 have been made by McCuskey and in LF2 by 
Seyfert. A few stars in each field were then classified as a check by Nassau. No systematic 
deviations of serious nature were found, although there appeared to be more discrepancy 
in classifying the F stars than elsewhere in the sequence. 

A comparison of the spectral classifications in LF1 and LF2 with the Henry Draper 
Catalogue revealed a tendency on the part of both observers to classify early-type stars 
0.1-0.2 spectral classes earlier than the HD class. A similar trend was evident at class 
KO. In the analysis, however, the grouping of spectral types has been so made that these 
systematic tendencies are of little consequence when joining Henry Draper data with 
ours. 


5 Ap. J., 103, 117, 1946. 
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STELLAR LUMINOSITY FUNCTION 


PHOTOGRAPHIC MAGNITUDES 


For the determination of photographic magnitudes, Eastman 103a-O and Ila-O 
plates were used. Exposure times of 1 or 2 minutes have been sufficient to obtain easily 
measurable images of stars to mpg = 14. By means of plates taken in series with the pole 
and with Harvard Standard Regions for calibration, photographic magnitudes were ob- 
tained for all stars whose spectra had been classified. In general, two plates were used for 
these field stars, the probable error of a final blue magnitude being +0.09 mag. All 
measures were made with a graduated scale of stellar images taken with the 24-inch 
Burrell telescope. 


PHOTORED MAGNITUDES 


In each of the luminosity-function fields, red magnitudes were established by direct 
comparison with the North Polar Sequence and with Selected Areas 39 and 65. Plates 
taken in series and multiple-exposure plates were used for this purpose. 

Eastman 103£ and 103a-E plates were used in combination with a No. 22 Wratten 
filter; the resulting effective wave length is about \ 6200. The plates were taken with the 
24-inch Burrell telescope, the exposure times being 3 minutes. 

Red magnitudes for the NPS stars have been given by Nassau and Burger.* These, 
modified by slight corrections for the fainter stars of the sequence, were used for calibra- 
tion of the sequences in LF1 and LF2. Unpublished material by the same investigators 
for sequences in SA 39 and SA 65 on the same system has been used for calibration of 
other plates. 

Red magnitudes were determined for all stars with spectrum FO and earlier in each 
region. These depend on measures of three plates, the probable error of a final magnitude 
being +0.08 mag. 

PLATES FOR FAINT-STAR COUNTS 


In order to obtain the general stellar distribution in the faint-star fields, 10-minute 
exposures on Eastman 103a-O plates were taken. These reach a limiting magnitude 
of 18.2 on the average and have been taken in series with the NPS and with various 
Selected Areas. Sequences of stars to the plate limit for calibration of the star counts 
have been established in each field. The probable error of an adopted sequence magnitude 
is +0.08 mag. for the stars with m > 13. 

For the counts of stars with m < 13, the sequences established for magnitudes of stars 
whose spectra have been determined were used. The agreement between overlapping 
portions of the bright- and faint-magnitude sequences was satisfactory. 


SUMMARY OF DATA FOR ANALYSIS 


Spectra.—In each of the fields LF1 and LF2, the numbers of stars of each spectral 
group have been tabulated as a function of photographic magnitude in }-mag. intervals. 
The grouping of spectral classes for analysis follows the usual pattern. In the case of the 
G stars, however, the percentages of giants and dwarfs vary so markedly with spectral 
type that G5 has been treated separately. 

Tables 2 and 3 present the counts of stars in each spectral group according to magni- 
tude. The area of the sky covered is indicated at the top of each table. 

_ Data for the bright stars—Before a satisfactory analysis of the spectral type distribu- 
tion can be made, it is necessary to present more complete data for the brighter stars. 
Seydl’ has published counts of stars by spectral types for m < 7.0 taken from the Henry 
Draper Catalogue. We use in this connection his tabulations for the zone of galactic 
latitude 0° to +10° at all longitudes. Values of log A’(m), where A’(m) is the number of 
stars m — } to m + } per 100 square degrees of the sky, are shown in Table 4. 


°Ap. J., 103, 25, 1946. 7 Pub. Prague, No. 6, 1929. 
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TABLE 2 


OBSERVED DISTRIBUTION OF SPECTRAL TYPES IN LF1 
(Area 14.3 Sq. Deg.) 


SPECTRUM 
GS Gs-k3 | ks-m| At 
STARS 
Bo-B2| BS | B8-AO | A2-AS | FO-FS | F8-G2 
g d gidigid 
6.00... 0 0 0 0 0 0 0; O 1/0;0;0 1 
6.01- 6.50... 0 0 0 0 0 0 0; 0}; 0;}0;0);0 0 
6.51- 7.00... 1 1 0 0 0 0 81 Gi 2 
7.01- 7.50... 0 0 2 1 0 0; 0 5 
7.51- 8.00... 0 0 3 1 1 1 0; O iO ob TY 9 
8.01- 8.50... 0 0 4 0 | 0 8 
8.51- 9.00... 0 1 6 5 3 2 0} 0 1/0;0/0 18 
9.01- 9.50... 0 1 16 1 4 1 101 21 30 
9.51-10.00... 0 1 10 3 4 3 3 1 71 TOTO 33 
10.01-10.50... 0 2 29 8 6 4 6 1 #1 Ot Sie 63 
10.51-11.00... 0 0 33 10 7 10 87 
11.01-11.50... 0 1 46 12 19 27 6} 81131 2).3.18 139 
11.51-12.00... 0 2 76 21 28 37 18 | 17 | 1 239 
12.01-12.50... 0 1 131 31 24 } 21123 | 71 SS 
‘wotal...... 1 10 342 89 96 120 | 58 | 54 |134 |18 |25 | 2} 987 
TABLE 3 
OBSERVED DISTRIBUTION OF SPECTRAL TYPES IN LF2 
(Area 13.4 Sq. Deg.) 
SPECTRUM 
G5 Gs-k3 | ks-m| At 
STARS 
BO-B2 B5 B8-AO | A2-A5 FO-F5 F8-G2 
<6.00... 0 0 1 0 0 0° 1 0101/0 
6.01- 6.50... 0 1 0 0 0 Of 21070 1 
6.51- 7.00... 1 0 1 0 2 1 C+ .84 8: 081618 5 
7.01= 7.50: .. 0 0 3 2 1 010! 0; 01 01010 6 
7.51- 8.00... 0 0 5 0 0 0 |0;} 0 1 0;0/0 6 
8.01- 8.50... 1 0 9 Z 1 1 Ob O44 24. 87 eo 17 
8.51- 9.00... 0 2 24 1 4 1 0 1 4; 0;0|0 38 
9.01- 9.50... 0 1 32 10 2 6 | oi. is 72 
9.51-10.00... 0 1 36 22 7 10 1 97 
10.01-10.50... 0 0 30 14 11 14 10 1 tr 80 
10.51-11.00... 0 2 44 25 12 9 Oo] S117 2 2 116 
11.01-11.50. 0 4 64 58 46 29 | 3| 12 | 37 | 13 |10 | 1 277 
11.51-12.00... 0 0 87 108 98 72 |8| 78 | S518 
12.01-12.50... 0 2 59 87 ol 20 110; 9} 49} 11);9)] 1 288 
Total... 2. 2 14 395 329 215 163 |22 | 53 \225 | 63 |39 | 3 | 1523 
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To provide adequate statistical strength for analysis in the magnitude range 7-9.5, 
counts according to spectral type and apparent photographic magnitude have been 
made in the Henry Draper Catalogue for an area of 100 square degrees centered on LF 1. 
A similar compilation has been made for LF2. The results of these counts are shown in 
Table 5. In each spectral group, stars with no subclass given in the catalogue have 
been placed in the zero of the group. 

Colors.—Red indices have been determined for all the early-type stars in each region 
in order to evaluate the interstellar absorption. From the probable errors of the blue and 
the red magnitudes given above, we may conclude that the internal probable error of a 
red index (R.I.) is about +0.12 mag. 


TABLE, 4 
LOG A’(m) FOR STARS WITH m-S 7.0 FROM SEYDL DATA 
SPECTRAL TYPE 
Mog 

BO-B2 BS B8-AO | A2-A5 FO-F5 F8-GO G5 KO-K2 | K5-M 
S4:06: . 9.635 8.843 | 9.320 8.047 9.320 | 8.922 8.445 | 9.506} 9.320 
4.01-4.50.....| 9.258 | 9.144] 9.223 9.399 | 9.098 | 9.258 8.621 9.422 8.843 
4.51-5.00.....| 9.797 9.258 | 9.563 | 9.542 9.223 | 9.258 | 8.844] 9.649] 9.374 
5.01-5.50.....] 9.943 9.486 | 9.922 | 9.777 9.635 | 9.320} 9.399} 9.892} 9.591 
5.51-6.00.....| 9.907 9.575 | 0.299 | 9.964] 9.843 | 9.422} 9.559} 0.234] 9.606 
6.01-6.50..... 0.185 9.860} 0.605 | 0.216| 0.117 9.675 | 9.816| 0.490 | 9.922 
6.51-7.00.....| 0.264} 9.976} 0.808 | 0.451 0.379 | 0.036} 0.146} 0.673 | 0.103 

TABLE 5 
DISTRIBUTION OF SPECTRAL TYPES FROM Henry Draper Catalogue 
SPECTRAL TyPE 

ALL 
mos STARS 

BO-B2 B5 B8-AO | A2-A5 | FO-F5 | F8-GO G5 KO-K2| K5-M 

Region LF1 (100 Sq. Deg.) 

aN ot | ee 0 1 4 3 2 2 0 0 0 12 
7.01-7.5.. 1 0 4 1 2 0 0 1 0 9 
7.51-8.0. . 1 3 13 11 6 4 0 6 1 45 
i er 0 2 39 8 10 7 3 7 3 79 
8.51-9.0.. 0 1 70 20 13 2 7 17 2 132 
9.01-9.5.. 1 0 96 21 24 27 8 29 3 209 

Region LF2 (100 Sq. Deg.) 

EUS) ree 0 2 11 3 1 0 0 1 0 18 

i 7.01-7.5.. 3 3 18 6 3 2 1 5 0 41 

0 1 38 3 3 8 1 62 

CU re 0 0 43 21 9 5 4 12 3 97 
- 8.51-9.0....... 0 0 50 23 16 ri 11 21 2 130 
St ae 0 | 0 11 3 5 3 6 17 9 54 
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Tables 6 and 7 give the average observed red indices as a function of spectral type and 
photographic magnitude. Colors for a few dwarf stars of late spectral type have been 
included in order to check the zero point of the color system. The number of red indices 
used for each average is indicated in the parenthesis following the average. The total 
number of red indices determined in LF1 is 567 and in LF2, 817. 


TABLE 6 
OBSERVED RED INDICES IN LF1 


SPECTRUM ‘ 
11.01- | 11.51- | 12.01- 
$8.00 | 8.01-9 | 9. 11.50 12.00 12.50 


—0.48(1)| —0.43(1) : +0.03(1) | +0.12(2) | +0.21(1) 
+0.13(21)| 0.12(32)} 
4+0.05(11)) 0.13(17)| 
0.17(24)| 44(11) 
0. 34(9) +0.43(1) 
0. 32(10) 
0.45(17) 
0. 30(4) 
0. 83(4) 
+0.78(5) | 1.21(6) 
41.11(1) | +1.78(1) 


OBSERVED RED INDICES IN LF2 


SPECTRUM 
11.01- 12 01- 
8.01-9 | 9.01-10 ; 11.50 12.00 12.50 


—0.52(3) | —0.28(1) —0.13(3) | —0.28(1) | +0. 18(1) 
—0.16(4) .35(5) | —0.29(13)| —0.55(4) | —0.28(8) | —0.09(14)) —O.11(19) 
+ .02(1) —0.38(12)| —0.35(6) | —0.18(10)} —0.06(20)} —O. 14(21)} —0.01(10)) +0. 23(1) 
— .04(3) 5)| —0.34(40)| —0.19(18)} —0.06(25)} —0.01(34)| +0.02(47)| +0.02(41) .28(3) 
+0. 18(2) —0.18(28)| —0.04(11)| +0.04(21)| +0.06(48)| +0.04(76)| +0.09(63) .19(6) 
+0. 12(1) +0.21(25)} +0. 16(21)| +0.19(1) 
+0.34(2) +0. 62(6) 
+0.52(1) +0.83(8) 
+1.46(8) 
+0. 32(3) +0.47(4) | +0.28(6) | +0.43(1) 
+1.98(1) | +1.17(1) | +1.46(1) +2.19(2) 


ANALYSIS OF OBSERVATIONAL DATA 
COLOR EXCESSES AND PHOTOGRAPHIC ABSORPTION IN LF1 


Intrinsic red indices as a function of spectral type have been obtained from Table 3 
of the paper by Nassau and Seyfert.’ Several lines of evidence show that the color 
indices (C.I.) given in the above reference may be converted to red indices by multiplica- 
tion by a factor 1.33. The values adopted for the various spectral types, together with the 
photographic absolute magnitudes used in computing distance moduli for the early-type 
stars, are shown in Table 8. 

A comparison of the intrinsic colors for the late-type dwarf stars with the observed 
colors in LF1 presented in Table 6 shows that, on the average, the red indices are too 
large by 0.14 mag. This effect appears to be independent of the distance modulus for 
these stars and, since they are very close by, can hardly be ascribed to interstellar redden- 


8 Loc. cit. 


6 
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Mpg 
12.51- 
| 13.00 t 
462. 0G5......... 
4K0,........1. 
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TABLE 7 
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ing. Nor can the effect be ascribed to differential extinction errors. The average colors of 
Table 6 have been corrected by —0.14 mag. before being used for a discussion of inter- 
stellar reddening. It is evident from the table that the near-by A5 stars would require 
nearly twice this correction to reduce their average colors to zero. However, in view of the 
small number of stars concerned, so large a systematic correction seems unjustified. The 
residual red index for the bright A5 stars, after correction by —0™14, is about 0™15, 
which indicates that they may be classified systematically early by about 0.5 spectral 
class. Such a large systematic error in classification seems improbable, however. 

Color excesses were computed for stars of early spectra! types, including the FO and 
F2 group. A plot of E,, the red color excess, against the distance modulus m — M is 
shown in Figure 1. The modulus is uncorrected for absorption. 

From the curve of Figure 1, true distances were computed on the assumption that the 
total photographic absorption K = 2.6 E,. The conversion factor 2.6 was determined 
by Nassau and Harris’ in connection with an extensive investigation of the B-star 


TABLE 8 
INTRINSIC RED INDICES AND MEAN PHOTOGRAPHIC ABSOLUTE MAGNITUDES 


SPECTRUM R.I1. | SPECTRUM 


Early-Type Stars 


cluster near P Cygni. They have found that a larger factor, such as 3, which has been 
used commonly, leads to unreasonable results in the P Cygni region. In the present 
penne however, little change in the conclusions would result upon the use of the 
actor 3. 

Figure 2 shows the trend of total photographic absorption with true distance for the 
region LF1. In the analysis of the spectral data, an absorption of 0.5 mag/kpc to a dis- 
tance of 1250 parsecs, followed by 1.5 mag/kpc between 1250 and 2000 parsecs, has been 
used. 

Very little published data on colors exist for the region of LF1. Only four early B stars 
of the list published by Stebbins, Huffer, and Whitford"® lie in the galactic latitude range 
—5° to —10° between longitudes 0° and 15°. None lies in LF 1 itself. With the exception 
of HD 185507, which shows an excess F, of 0.09 mag. at the small distance of 240 parsecs, 
the other 3 stars indicate a total photographic absorption of 0.7 mag. at a distance of 
1000 parsecs. A factor 8.2 has been used to convert £;, the color excess on the photo- 
electric scale, into total photographic absorption. What few data there are for the early 
B stars yield an absorption comparable to that found from the red indices and shown 
in Figure 2. 


* Unpublished data. 10 Ap. J., 91, 20, 1940. 
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W. Becker" has measured color excesses (A 4150-5950) for three fields in Aquila, one 
of which lies at / = 12°, b = —8°5. He finds a practically constant color excess of 
+0.09 mag. to a distance of 1600 parsecs. From 2300 parsecs outward, the excess be- 
comes +0.51 mag. As Becker notes, the colors may have a zero-point error which ac- 
counts for the constancy of the first figure. The photographic absorption would be about 
0.25 mag. at 1600 parsecs, a lower value than that found in LF1. At about 2500 parsecs, 
the observed color excess would amount to 1.5-mag. absorption, again a value not in- 
consistent with the values found in LF1. 

In the 5° galactic latitude range between LF1 and the galactic equator, four B stars 
yield a much higher absorption, viz., 1.8 mag. at a mean distance of 650 parsecs. The 
increased obscuration in this area is plainly apparent in Plate 13 of the Alas of the Milky 
Way by Ross and Calvert. The center of LF1 is situated on this print, 11 cm. from the 
left-hand edge and 3.5 cm. from the bottom. The radius of the field on the scale of the 
Allas is about 3 cm. 
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Fic. 1.—Color excess-modulus relation in LF1. The ordinate is the red color excess; the abscissa is the 
distance modulus uncorrected for interstellar absorption. 


Fic. 2.—Absorption-distance relationship for LF1. The ordinate is the total photographic absorption 
in magnitudes; the abscissa is the corrected distance in parsecs. 


COLOR EXCESSES AND PHOTOGRAPHIC ABSORPTION IN LF2 


A similar analysis in LF2 based upon the stars earlier than and including A5 was 
made from the data of Table 7. The intrinsic colors of the late-type dwarfs indicate a 
tendency for the red indices to be 0.03 mag. too red. This small correction was applied to 
the averages of Table 7 before they were used to derive the interstellar absorption. 

Figures 3 and 4 present, respectively, the color excess-modulus relation and the 
absorption-distance relation for LF2. The absorption is considerably lower than in LF1 
and appears to be negligible to a distance of 700 parsecs. 

That the absorption in LF2 is inappreciable within 1000 parsecs of the sun is con- 
firmed by the color excesses of four early B stars observed photoelectrically by Stebbins, 
Huffer, and Whitford. These stars lie within, or closely adjacent to, LF2 at distances 
ranging irom 200 to 1200 parsecs. All of them have color excesses / equal to zero. 

LF2 is shown on Plate 16 of the Aélas of the Milky Way by Ross and Calvert, 8 cm. 
from the right-hand edge and 16.5 cm. from the bottom. The radius of the field on the 
scale of the Aflas is about 3 cm. 


Zs. f. Ap., 17, 306, 1939. 
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STELLAR LUMINOSITY FUNCTION 


GIANT AND DWARF SEPARATION 


Information concerning the separation of the late-type stars into giant and dwarf 
subdivisions has been taken from several sources. Our own data provide the numbers 
for the stars of mp, = 10 and fainter, but for the brighter stars we rely upon the results 
of other investigators. The researches of Van Rhijn and Schwassman,” Oort,'* Van de 
Kamp and Vyssotsky,'* Bok,'® and others have shown that, on the average, the per- 
centage of dwarfs among the G stars increases from 30 at mp), = 7 and brighter to about 
60 at my, = 12. For the K stars the percentage of dwarf- increases from 5 at mpg = 8 
to 40 at mpg = 12. 

The figures quoted, however, refer to broad spectral ranges GO-G5 and G8-K3, and 
there appears to be some evidence that the percentage of dwarfs changes rapidly among 
the G siars. Nassau and Seyfert'® have found in their investigation of spectra in the 
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Fic. 3.—Color excess-modulus relation in LF2. The ordinate is the red color excess; the abscissa is the 
distance modulus uncorrected for absorption. 


Fic. 4.—Absorption-distance relationship for LF2. The ordinate is the total photographic absorption 
in magnitudes; the abscissa is the corrected distance in parsecs. 


region of the North Pole that of fifty-three G2 stars between m = 8 and m = 11, 98 per 
cent were dwarfs; of one hundred and thirty-seven G5 stars, 62 per cent were dwarfs; 
and of one hundred and fifty-two G8 stars, 12 per cent were dwarfs. There was little 
variation of the percentages with magnitude. In view of this, rapid decrease with ad- 
vancing spectral type, we have decided to treat the G5 stars as a separate group in 
further analyses. 

Table 9 shows the percentage of dwarfs adopted for the present study. In the K5~M 
group, all the stars were assumed to be giants. The values in the group m < 10.5 are 
approximately the numbers of dwarfs classified as such from our spectra. 


ADOPTED VALUES OF LOG A’(m) 

The adopted values of log A’(m) per 100 square degrees of the sky for the range 
m = 4~-12.5, taken from Tables 2, 3, 4, and 5, were plotted against the magnitude, and 
smooth curves were drawn through the points. From these curves log A’(m) at }-mag. 
intervals was obtained. Tables 10 and 11 present the smoothed values of log A’(m) used 
in the succeeding analysis. Small corrections to the photographic magnitudes taken from 

2 Zs. f. Ap., 10, 161, 1935.. 

18 B.A.N., No. 290, 1936. 15 Harvard Circ., No. 400, 1935; Ap. J., 101, 293, 1945. 

45, 177, 1936. Loc. cit. 
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TABLE 10 
ADOPTED VALUES OF LOG A’(m) FOR REGION LF1 
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the Henry Draper Catalogue were applied in order to reduce the Draper system to the 
magnitudes determined here for the fainter stars. These corrections depend upon the 
spectral type and arise from the use in the Draper Catalogue of visual magnitudes to 
which a color index was applied to obtain m,,. The magnitude intervals given in Tables 
4 and 5 are on the Draper system. 


COMPUTED DENSITY FUNCTIONS 


Space densities, number of stars per 1000 cubic parsecs, were computed from the log 
A’(m) values of Tables 10 and 11 by the use of the (m, log 7) type of analysis.'7 Mean 
absolute photographic magnitudes and dispersions, per unit volume of space, for the 
various spectral groups are listed in Table 12. The results of the density computations, 


TABLE 11 
ADOPTED VALUES OF LOG A’(m) FOR REGION LF2 
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TALLE 12 


ADOPTED MEAN ABSOLUTE PHOTOGRAPHIC 
MAGNITUDES AND DISPERSIONS 


Spectrum Spectrum 


17 See Bok, Distribution of the Stars in Space (‘Astrophysical Monograph”’ [1937]), pp. 26-31. 
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corrected for interstellar absorption according tothe curves of Figures 2 and4, are pre- 
sented in Figure 5. The curves give the numbers of stars per 1000 cubic parsecs as a 
function of the distance in parsecs. 

Comparison of the density functions for LF1 and LF2 indicates a considerable differ- 
ence in the galactic structure of the two regions, which may be summarized as follows: 

1. The density of B8-A0 stars in LF1 decreases slowly from the vicinity of the sun 
to a distance of 1000 parsecs, after which it falls more rapidly until, at 1500 parsecs, 
there are about half as many stars of this type. The tendency for a rise in density beyond 
1500 parsecs may or may not be real. The influence of the absorption becomes more un- 
certain beyond this distance, and the indicated density function at 2000 parsecs is very 
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- Fic. 5.—Density functions in LF1 and LF2. The full curve gives the number of stars per 1000 cubic 
parsecs as a function of distance in LF1; the dashed curve gives corresponding results for LF2. The dis- 
tances are corrected for interstellar absorption. 
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sensitive to this uncertainty. In LF2, on the other hand, there appears to be a real con- 
centration of B8-AO stars between 400 and 1000 parsecs, the densities being 1.5 times 
the density near the sun. The decrease in density beyond 1000 parsecs is very rapid. At 
1500 parsecs there are only 0.2 as many stars as at a corresponding distance in LF1. 
This is in striking contrast to the unpublished results of Nassau and Harris for region 
LF3, which is only 11° in longitude from LF2. They find a high concentration of B8—AO 
stars at about 1300 parsecs. 

This concentration of A stars in LF2 is clearly evident, too, in the density function for 
the A2-A5 group. Here, however, there also appears to bea relatively high stellar popu- 
lation at distances of 1500-2000 parsecs. 

2. A rapid density decrease occurs in both regions for the stars of classes FO-F5 and 
to a lesser extent among the dF8-G2 stars. In LF1, however, this negative gradient 
among the early F stars extends to a greater distance than in LF2; the ratio of densities 
at 1000 parsecs in the two regions is about two to one. Other investigations of galactic 
structure, in which detailed studies of spectral groups have been made, have also indi- 
cated a rapid decrease in F stars with distance from the sun. Bok and Rendall-Arons!® 
find, for example, in Monoceros that the density of '0-F2 stars drops by a factor of 3 
between 100 and 300 parsecs from the sun. In the Carina region, Bok and Wright'® have 
obtained densities for the FO—F2 stars in two regions which differ by a factor of 2.5 and 4, 
respectively, in the distance interval 100-300 parsecs. The results obtained by Schalén,”° 
on the other hand, indicate a somewhat less steep negative gradient in Cepheus but a 
decided decrease in F stars in Auriga, Cassiopeia, and Cygnus. The observational data 
being accumulated for the other LF regions should provide the basis for a more detailed 
study of this interesting spectral group. 

3. A considerable difference between regions LF1 and LF2 occurs in the populations 
of dG8-K3 stars. Between 300 and 600 parsecs from the sun in LF2, the concentration of 
dwarf K stars is so marked as to distort the luminosity function considerably. To a 
lesser extent the same is true of the dG5 group. No concentration of the kind occurs in 
LF1. There is, in this region, a higher density at 200-400 parsecs thai in the solar 
neighborhood, but the excess is not significant. 

4. Among the giant stars of spectral classes GO-M taken as a whole, there is a rapid 
decrease in density in the first 250 parsecs from the sun followed by a sensibly constant 
density in the next 1000 parsecs. The negative gradient is about the same in LF1 and 
in LF2. The density in each case at 1000 parsecs is about 0.1 of that near the sun. 

In concluding the discussion of differences in the density function between the two 
regions, it may be well to mention that the uncertainties in this type of analysis are not 
inconsiderable. Every effort has been made to keep the spectral classification on the same 
system; the absolute magnitudes and dispersions used in the computations have been 
kept the same; the magnitude systems have been standardized as far as possible. Per- 
haps the largest source of error is the uncertainty in the percentages of giants and dwarfs 
adopted in the analysis. In view of errors due to all factors, one cannot claim an absolute 
accuracy within 30-50 per cent for a given region.’ On the assumption of uniform spec- 
tral and magnitude data, however, the relative results for two or more regions should be 
more certain. It is the aim of the present and subsequent studies of the LF regions to 
point out the relative differences in the galactic structure as completely as possible. 
DENSITY DISTRIBUTION FOR ALL STARS 


A summation of the stellar densities for all spectral classes together, reduced to the 
value at 100 parsecs as a unit, has yielded the curves shown in Figure 6, labeled “LF 1 

cit., p. 294. 

9 Op. cit., pp. 306-8. 2 Uppsala Medd., No. 55, 1931. 

*| For a discussion of this point see Bok and Rendall-Arons, op. cit. 
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Spectra” and ‘“‘LF2 Spectra.” It is of interest to compare these with relative density 
distributions computed from general star counts in these areas with the aid of the 
standard luminosity function published by Van Rhijn.” 

Star counts in LF1 were made on 103a-O plates of 10-minute exposure time in two 
separated areas of about 0.5 square degrees each for stars with mp, > 14. The limiting 
magnitude was about 18. For the brighter stars the entire area covered by the spectral 
data was counted.,In LF1 the total number of stars counted to the plate limit in the two 
small areas was 15,300; in LF2 the total number counted was 11,300 stars in three smaller 
areas, about 0.3° each. Values of log N(m), for the two regions where N(m) is the number 
of stars per square degree brighter than magnitude m, are given in Table 13. For com- 
parison, the values of log N(m) published by Van Rhijn in Table 10 of Groningen 
Publicatic»:, No. 43, are also shown. 

It is apparent from the table that the agreement of the counts in LF1 with the zone 
data of Groningen Publications, No. 43, is good. In LF2 the departure of the observed 


TABLE 13 
LOG N(m) FRQM STAR COUNTS IN LF1 AND LF2 


LF1 


LF2 


Counts} GP43 | Counts} | Miller Counts| GP43 | Counts| Gp43 | Miller 
and and 
Hynek 
0:06 0/00: 1 0.24 | | 0:42 14......... 2.55 | 2.51 | 2.90 | 2.47 | 2.84 
0:89 10:79: 10248: 1.00282 OS. 2.97 | 2.92 | 3.30 | 2.86 | 3:24 
0:90:4-0:95 11.220 1-22 4G. 3:40 1 3.34.) 3.70 |.3.26 | 3:68 
3.80 | 3.74 | 4.10 | 3.67 | 4.06 


counts from the zone data is more pronounced. An added comparison in LF2 may be 
made with the counts published by Miller and Hynek* for a zone at b = +3°3 in Cygnus 
determined from plates taken with the 69-inch reflector at the Perkins Observatory. 
These values of log N(m) are given in the last column of Table 13. The agreement with 
LF2 is very satisfactory. 

An analysis of these data on general star counts has been made by means of the 
(m, log x) table for b = 0° published by Bok and MacRae.‘ This table is based on the 
standard luminosity function computed by Van Rhijn. 

The relative density functions for LF1 and LF2, corrected for absorption according 
to the curves of Figures 2 and 4, are exhibited in Figure 6. The figure implies clearly the 
departures of the observed luminosity functions from the standard function. The latter 
provides an excess of stars with absolute magnitude +2 to +4 and a deficiency of stars 
with M between —1 and +2, as may be inferred from the (m, log 1) table by which the 
values of D(r) have been computed. At distances of 400-600 parsecs in LF2, there ap- 
pears a concentration of stars of considerable magnitude. As shown later, this can be 
attributed to an excess of dG5 and dK stars in this region. A more detailed presentation 
of the differences in the luminosity function g,(M) computed from our spectral data and 
the standard g(M) is given in the following section of the paper. 


2 Groningen Pub., No. 47, p. 17, 1936. 
23 Perkins Obs. Contr., No. 13, 1939. 
24 Ann. New York Acad. Sci., 42, 252 ff., 1941. 
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VARIATIONS IN THE LUMINOSITY FUNCTION 


The ultimate purpose in analyzing in detail the stellar structure in LF1 and LF2 is to 
obtain some idea of the fluctuations in the luminosity function with distance. An indica- 
tion that the proportion of stars of a given absolute magnitude varies considerably has 
already been implied by the lack of agreement in the relative density functions exhibited 
in Figure 6. A more detailed analysis will not be given. 

In Table 14 are reproduced two (m, log +) tables for LF1. One is compiled by summa- 
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Fic. 6.—Relative density functions for all stars together. The curves labeled “LF1 Spectra” and 
“LLF2 Spectra” give the density function obtained by summation of results from spectral groups reduced 
to the value at 100 parsecs as unit. Curves labeled “LF 1 Std” and “LF2 Std” present the results ob- 
tained from use of the Van Rhijn luminosity function. 


COMPARATIVE (m, LOG 7) TABLES FOR REGION LF1 


TABLE 14 


m 
LOG + From Observed Spectra From Standard 9(M) 
8 10 11 12 8 9 10 11 12 
.02 .02 0.01 .02 0.03 0.04} 0.05} 0.06 
.04 11 0.07 | 0.04} 0.01 .06 | 0.09 | 0.12 0.16 | 0.20 
11 0.16} 0.18 | 0.09 0.23 |} 0.34] 0.48] 0.63 
.30 0.35} 0.63] 0.88 .32 | 0.43 0.93 1.35 1.91 
.32 .56 | 0.67 0.96 1.86 1.06 | 2.8 4.1 
.69 1.22 1.56 | 3.16 16) 2.0 2.4 
.16 .59 1.41 2.44] 3.61 O16) 2.8 
0.00 11 Oss! 7.20 .02 | 0.07 0.14} 0.6 2.6 
0.26 1.76 | 7.50 .02 | 0.09} 0.27] 0.6 
0.00} 0.05} 0.59! 5.37 0.02 | 0.09] 0.34 
A(m) comp...... 1.3 3.2 16.3 | 41 3.4 16.9 | 37 
A(m) obs........ 1.3 3.0 6.9 16.2 | 40 io 3.0 6.9 16.2 | 40 
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tion of the corresponding tables from the various spectral groups. The other results from 
the use of the standard g(M) with the densities adjusted in each distance shell so that 
the total observed A(m) for each apparent magnitude is well represented. Both tables 
represent the observed star numbers per square degree equally well. No absorption cor- 
rection has been applied, since relative differences at a given distance are all that are re- 
quired. The relative differences in stellar population in each distance shell are then 
apparent. 

Let y,(M) be the entry in the table compiled from the spectral data in distance shell 
k(=—10 log 7) and at apparent magnitude m. Let g(M)-D(k) be the corresponding 
entry in the table computed from the standard g(M), where D(k) is the density factor 
in shell &. Then let R represent the ratio g,(M)/g(M)D(k), which is, of course, the ratio 
of corresponding entries in the (m, log ~) tables of Table 14. Log R has been used to 
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Fic. 7.—Variation of the luminosity function in LF1 from (m, log ) analysis. The ordinate is the 
logarithm of the ratio ¢,(M)/#(M)-+D(k) and measures the departure of the observed function from the 
standard Van Rhijn luminosity function. The abscissa is the absolute photographic magnitude. The 
numbers adjacent to the curves indicate the distances of the groups concerned. 


_ Fis. 8.—Fluctuation of the luminosity function with distance in LF1. The ordinate has the same 
significance as in Fig. 7. These curves have been obtained by summation of the spectral-group data in a 
manner described in the text. The numbers adjacent to the curves are the distances of the stars concerned. 


picture in Figure 7 the departure of the observed ¢,(M) from the standard y(M) as a 
function of M. 

Disregarding effects of distance for the moment, we may conclude that the number of 
stars with —2 <M < +2 actually present in this longitude exceeds the number pro- 
vided by the standard y(M) by a factor of about 3. On the other hand, the fainter stars, 
M > +2, appear to be relatively fewer by a factor of 2 than the number provided by the 
usual luminosity function. 

A second method of approach yields somewhat more information about the fluctua- 
tion of g(M) with distance. The absolute densities shown in Figure 5 at distances of 100, 
200, 400, and 600 parsecs for the individual spectral groups have been distributed in M 
for each distance by using the mean M, and dispersion go given in Table 12. Summation 
over the spectral groups at each M from —2 to +7 yields the number of stars of each 


abs 
| the 
Tal 
| use 
the 
10¢ 
| the 
M 
40( 
of 
| 6. 
ma 
« 850¢/ 
y 210 
P 1200 100 
| 
*100 
agi 
for 
th 
co 
me 
81 
pli 
th 
th 
sti 
di 
fic 
na 


STELLAR LUMINOSITY FUNCTION 17 


absolute magnitude in an interval M — } to M + }. Corrections were applied to reduce 
these totals to a volume element of 1 cubic parsec and to an interval of 1 mag. in M. 

The luminosity function so obtained at each of the four distances in LF1 is shown in 
Table 15. For comparison, the last column gives the standard function g(47) commonly 
used in star-count analyses in the galactic plane. The general decrease with distance in 
the numbers of stars of all absolute magnitudes M < +5 is immediately apparent. At 
100 parsecs, where we might expect an agreement between the observed ¢,(M) and 
the standard, we find an excess of stars with M < +2 and a deficiency of stars with 
M > +4. The departures amount to a factor of 2 in each case. 

If we assume that the form of the standard g(M) is the same as distances 100, 200, 
400, and 600 parsecs, then g(M)-+-D(r) should yield the number of stars per unit volume 
of a given absolute magnitude at these distances. The quantity D(r) was given in Figure 
6. Furthermore, log y,(M), where ¢,(M) is the observed number of a given absolute 
magnitude, is recorded in Table 15. We may, therefore, again form the ratio R = ¢,(M)/ 
y(M) + D(r) and take its logarithm as a measure of the departure of the observed from 


TABLE 15 
LUMINOSITY FUNCTION LOG ¢,(/M) OBTAINED FROM THE SPECTRAL ANALYSES 
(Region LF 1) 
DISTANCE (PARSECS) 
M STANDARD 
100 200 400 600 
4.45 4.60 4.30 4.30 4.75 
5.20 5.38 4.90 4.78 5.07 
6.00 5.83 5.64 5.44 5.68 
6.84 6.55 6.24 6.02 6.77 
6.91 6.80 6.66 6.53 7.19 
6.94 7.19 7.13 6.71 7.53 


the standard function at the distances given above. A plot of log R, thus obtained, 
against M is shown in Figure 8. A comparison with Figure 7 shows that, where the curves 
for corresponding distances overlap, the agreement is satisfactory. These curves indicate 
the extent of the variation in the form of the luminosity function within the space 
concerned. 

In view of the possible uncertainty which may affect the densities computed by these 
methods, it seems illogical to draw more detailed conclusions from the evidence of Figure 
8 than the following: 

1. There appears to be a real excess of early-type stars in region LF1, which is more 
plainly evident at 600 parsecs than closer by. This confirms the conclusion drawn from 
the curves of Figure 5, where the negative density gradient is more conspicuous among 
the stars of intermediate absolute magnitude than among the more highly luminous 
stars, 

2. The high density of intrinsically faint stars, reflected in the excess of y,(M) at a 
distance of 600 parsecs, is somewhat uncertain. Near by, however, the observed de- 
ficiency in stars with M > +4 seems too large to be ascribed to uncertainties in the data. 

A similar analysis applied to region LF2 reveals more erratic fluctuations in the lumi- 
nosity function than in LF1. Figures 9 and 10 show the variations in Log R as deduced 
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from comparative (m, log 7) tables and from summation of densities, respectively. The 
distances shown for each curve have been corrected for interstellar absorption. The 
agreement between the overlapping portions of the curves in Figures 9 and 10 is satis- 
factory. 

The same excess of stars with —2 < M < +2 is evident in LF2 as was evident in 
LF1. This is particularly striking at 600 parsecs, where the number of intrinsically 
bright stars is about four times that provided by the standard function. 

Near the sun the deficiency of stars with M > +2 in LF2 is essentially the same as 
in LF1. However, at distances of 400-600 parsecs, the large numbers of dG5 and dG8-K3 
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Fic. 9.—Variation of the luminosity function in LF2 from (m, log x) analysis. The description under 
Fig. 7 applies here also. 


Fic. 10.—Fluctuation of the luminosity function with distance in LF2. See caption to Fig. 8 


stars of the eleventh and twelfth magnitudes are reflected in the large positive values of 
log R for M > +5 in LF2. These high densities are evident, as discussed before, in 
Figures 5 and 6. 

The fluctuation in log g,(M) with distance in LF2 is given in Table 16. The standard 
function has been given in the last column for comparison. While the density of stars of 
absolute magnitudes M < +4 decreased almost continuously with distance in LF1, 
quite the contrary is true in LF2. The density falls between 100 and 200 parsecs and then 
remains sensibly constant to a distance of 600 parsecs. The increase in the numbers of 
stars with M > +4 at distances of 400-600 parsecs has already been noted. 
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Bok and Wright”®> have published comparative luminosity functions for several 
galactic longitudes at a distance of 200 parsecs. Reduced to integral values of M and to 
a volume of 1 cubic parsec, these are reproduced in Table 17, together with the values 
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derived for regions LF1 and LF2. The standard Van Rhijn function is also shown. It 
is apparent that the results of the present analysis fall within the range of variation 
previously found. 


VARIATION OF LOG ¢(M) WITH GALACTIC LONGITUDE AT 200 PARSECS DISTANCE 


TABLE 16 
LUMINOSITY FUNCTION LOG ¢,(M) OBTAINED FROM THE SPECTRAL ANALYSES 
(Region LF2) 
DISTANCE (PARSECS) 
M STANDARD 
100 200 400 600 
4.45 4.41 4.50 4.38 4.75 
6.00 5.83 5.78 5.68 
6.56 6.20 6.17 6.15 6.34 
6.84 6.47 6.34 6.34 6.77 
6.88 6.66 6.46 6.48 6.86 
7.05 6.95 7.38 7.31 1.20 
7.32 7.00 7.63 7.59 7.50 


TABLE 17 


STAND- | RANGE MEAN 
M ARD A LoG (ALL 
LF1 LF2 Cyg Cep Aur Mon /FieldII| SA193| Sag ¢(M) ¢(M) Lonc.) 

$=12° | 1=33° | | | 6=135° | L=185° | 249° | /=261° | L=332° 
5.83 | 5.75 | 6.18 | 5.94 | 5.97 | 5.86 | 5.89 | 5.82 | 5.53 | 5.68 | 0.65 | 5.86 
eae 6.29 | 6.20 | 6.55 | 6.47 | 6.26 | 6.34 | 6.40 | 6.33 | 5.95 6.34 .60 | 6.31 
eae 6.55 | 6.47 | 6.79 | 6.78 | 6.56 | 6.56 | 6.66 | 6.58 | 6.25 6.77 .54 6.58 
5 ae 6.62 | 6.60 | 6.87 | 6.73 | 6.70 | 6.60 | 6.77 | 6.66 | 6.34 6.86 | 0.53 6.65 


The range of variation over all longitudes is shown, as well as the mean values for 
each absolute magnitude. On the average, the Van Rhijn function is deficient in stars 
with M = Oand has an excess of stars with M > +2 as compared with the mean at 200 
parsecs. More strength will be added to such a comparison when the luminosity functions 
for the other regions now under observation are available. Further detailed analysis will 


be postponed until these data are complete. 


Op. cit., p. 311. 
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LUMINOSITY CRITERIA FROM OBJECTIVE-PRISM SPECTRA FOR 
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Received A pril 4, 1947 


ABSTRACT 


This paper presents a method for determining the luminosity of stars between FO and KS from ob- 
jective-prism spectra made with the 24-36-inch Schmidt-type telescope of the Warner and Swasey 
Observatory. The spectrum region studied was from \ 3706 to Hy. The luminosity criteria are described 
by means of drawings showing the intensity distribution in twelve spectral classes from FO to K5 and 
for approximately four luminosity classes. It is expected that accurate classification by this method is 
possible for stars of at least the tenth magnitude and probably fainter for many spectral classes. 


INTRODUCTION 


In a previous paper, J. J. Nassau and C. K. Seyfert' gave a general outline of the 
spectrum-luminosity criteria used for the classification of spectra made with the 4° 
objective prism attached to the Burrell Telescope of the Warner and Swasey Observa- 
tory. The first study dealt with the classification of giants and dwarfs, beginning with 
class G2. The present paper deals with the subdivision of stars of spectral classes FO-K5 
into four luminosity groups. Criteria for this separation were derived from a study of 
the ultraviolet and blue regions of the spectrum. 


OBSERVATIONAL MATERIAL 


In order to be able to establish suitable criteria, we hav > studied a number of stars 
of known luminosity. Good spectra for these standard sta s which have visual magni- 
tudes between 4 and 6 could be photographed with very shurt exposures. Two different 
exposures were generally needed in order to secure spectra of good quality in both 
blue and ultraviolet regions. In addition to the standard stars, most plates showed a 
number of spectra of neighboring stars, for which the luminosity was sometimes known; 
these stars were included in the study. These secondary standards did not always have 
well-exposed spectra. For this reason in a number of spectra only the ultraviolet region 
was available and in other stars only the blue. This provided a valuable test for the 
classification of stars for which only a limited region of the spectrum was accessible. A 
list of all the stars used is given in Table 1. 

All spectra were taken with the 4° objective prism mounted on the Schmidt-type 
telescope. The dispersion varies from 150 A/mm at \ 3700 to 280 A/mm at Hy. Our 
study of spectra was limited to the region from 3700 to Hy, notwithstanding the fact 
that the spectra of bright stars extended to much shorter wave lengths. The far ultra- 
violet region is of little practical use, since it does not appear in faint spectra. The re- 
gion to the red of Hy is left for later consideration. 


REPRESENTATION OF THE CRITERIA 


During the progress of the investigation it became apparent that we could not give a 
simple scheme for luminosity classification. The general features which show distinct 
variation with luminosity are intermingled with changes of spectral type. In addition, 
the number of features useful for luminosity classification is large and the features them- 
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TABLE 1 


QuaL. QUAL. 
STAR CLass HD My, STAR CLass HD M, 
U|B 
FO | —2.1 8 | 2) G8 Ib G5 | —1.3 
BD+68°1082..... FO} +0.9 || BD+49°3954...| 3 | 7 | G8 Ib KO | —1.2 
| F2 Ib F5p} —2.1 || BD+44°3617.../ 2 | 6 | G8 | KO —0.2 
7|6| F5p| —1.4 || BD+60°21..... 5 | 4] G8III} G5 0.0 
—0.7:|| BD+59°161....| 6| 5 | G8 IIL | GS | +0.2 
8181] F210 | FO} +0.7 || BD+56°2746...| 6 | 5 | G8 IIL | KO} +0.2 
BD+45°2949..... 8|8 | 41.5 G&8IIl| KO} +0.4 
BD+74°1033..... 1/3] F2IV F2 | +2.4 || BD+31°3047...| 9 | 5 G8 III | KO | +0.6 
BD+60°143...... F2V FS | +2.4 G&III|} KO} +0.8 
BD+47°2937..... 7/6] F2V FO | +2.8 || 62 Psc.......... G8III} +0.9 
BD+53°2876..... F2V F5 | +3.3 || BD+56°767....| 9 | 9 | G8 III | KO} +1.2 
BD+600°2414..... 719] F2V F2 | +3.4 || BD+43°3777...| 2 | 6 G8 III | KO | +1.2 
8| 9) FSIa FSp —2.7 0|3 G8IV G5 | +1.0 
10 }10 | FS Ib F5 | —2.7 KO | +1.1 
8| 5] FS Ib F8p| —1.6 1} G8IV GS} +1.3 
BD+71°964...... F2 | +3.0 BD G&V GO | +5.7 
BD+31°3026..... F5V FS | +3.2 |) 30 Vul......... 7171 —0.1 
BD+76°934...... F5 | +3.6 10 0! KOIII | KO} —0.1 
BD+30°3113..... F5V F5 | +3.7 0 | | KO} +0.1 
10 }10 | F8 Ib F8 | —3.5 KOIIL| KO} +0.3 
BD+54°535.. F8Ib —2.0 | KO} +0.3 
BD+62°130...... 717) FS | +1.6 |} BD+2°118..... | GS | +0.4 
BD+56°2727..... F8IV F8 | +2.4 BD+53°2874...| 0 | 3 | KOIII | K2 +0.4 
6| 6} F8IV F8 | +2.8 || BD+39°4964...| 0 5 | KOIII | +0.7 
F8IV | F8 | +3.4 ..|8]6] KO| +0.8 
0| F8V F8 | +3.0 8| 6) | KO} +1.0 
F8V F8 | +3.3 BD1.45°2040. ..|3 | 6] GS} +1.1 
F8V F5 | +3.7 || BD+68°1129...| 4| 6 | KOTI | G5} +1.1 
5| 5} —0. 7 BD+59°199....| 0 | 4| KOIV KO | +1.4 
GOI | G5 | —0.2 || BD+44°3185...; 9 | 8} KOIV | GS | +1.6 
GO| +1.4 |} BD+59°1899...| 0 5 | KOIV KO | +1.7 
BD -445°3245 0} 2)! GOIV GO | +2.4:|| 60 Peg......... 8| 5] KOIV KO | +2.3 
8| 7] GOIV | GO| +2.9 915] KOIV | KO| +2.6 
x Her... 915] GOIV | GO| +3.5 KOV KO | +6.1 
BD+60°124. 8 | 0} GOIV BS: |) 50 Pee... 8|8)| K1 Ib KO | —2.0 
Vis. 6] GOV GO | +4.5 8| 8] Ki Ib KO | —0.5 
BD+56°2923..... G2Ia GOp| —3.0 || BD+52°92..... KO} —0.4 
G21Ib GO | —2.2 BD+29°3126. Ki KO| +0.4 
7| G2Ib G5 | —2.0 || BD+060°2358...| 4} 7| Ki III | KO| +0.5 
BD+60°170...... 5|4]|G2IV | GO| 43.4 || BD+58°2393...| 1| 4} KI III | GS | +0.8 
BD+3°4896...... G2IV | GO| +3.9 || BD+40°4885...| 0 | 4| Ki TIT; KO; +0.9 
BD+1°4820...... G2IV | GO! || BD+25°3368...| 0 | 2} KI V KO | +3.7 
8|8]G2V GO | +4.8 || BD+26°3151...| 0 6| K1V KO | +5.6 
GS Ib —3.0 BD+29°4121...| 0 | 3 | K2 Ill | KO | +0.4 
7| 7 | G5 Ib GOp} —1.9 || 87 Her......... KO} +0.9 
611] G5 III} KO} —0.4 || BD+4°123..... G5 | +6.7 
BD+34°86 GS | +0.6 || BD+61°178....; 5 | 4| K3Ia K2 | —3.6 
10 | 1} GS III} KO | +0.9 || 22Psc.......... 5|51}K3Ib K2 | —0.7 
9/4] G5 | +1.0 || 39Cyg......... K2| —0.1 
818] GS | +1.1:|) BD+74°1047...) 0 | 6) K3V K2 | +6.4 
BD+36°66....... GSIIL| GS | +1.6 || BD+56°2966...| 8| 7 | K3 V K2 | +6.5 
9/6] GSIV | GS | +3.7 ..| 1 | KS Ib KO | —2.5 
BD+64°1427..... 1} 4] GSIV | G5 |} +3.8 1 | K5 Ib K5 | —2.2 
BD+43°3759..... G5IV | GS | +4.2 BD 1 38°4858. —0.9 
8|2)G5V GO | +4.8 || BD+47°3188...| 0 | 6 | K5 III | KO —0.5 
BD-+06°1281 10| 5} GS V FS. K5| —0.4 
BD+46°4214..... 0; 5| G8&Ib KO —1.5 8 KSIII} K5 +0.3 
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selves vary with the spectral class. For these reasons we have considered two possible 
visual descriptions of the classification criteria. 

The first consists in showing a number of spectra arranged in order of spectral type 
and of luminosity, similar to the reproductions given in this paper. This method has 
been followed with great success in the Aélas of Stellar Spectra.? But the problem in our 
case is a little different. On account of the low dispersion of our spectra, the method of 
photographic reproduction will never show all detail visible in the plates (Figs. 1 and 2), 
In addition, in the process of classification of a great number of stars it is desirable to 
have some means of illustration which will more rapidly draw attention to the luminosity 
criteria. 

The second method consists in showing drawings which reproduce the intensity dis- 
tribution in the spectrum. This method has been adopted, as it provides a clear repre- 
sentation of all significant features. The drawings of Figures 3-6 illustrate the method, 
and it must be stated that they are not microphotometric tracings. They have been 
drawn by hand and represent estimated, rather than measured, intensities. 

Although this way of producing the tracings introduces some subjective factors, this 
procedure has some advantages in our case. Since the luminosity classification is made 
by visual estimate, the personal factor is already introduced into the classification 
process. This circumstance destroys the advantage of objectivity which true micro- 
photometer tracings might otherwise have had. The method has the further advantage 
_ that exposure effects may be eliminated more readily in the drawings, as the appearance 
of the microphotometer tracings does not correspond to the visual estimate. 

The drawings have been made with great care. The positions of the lines in the spectra 
were measured, and a first set of drawings was made by sketching the profiles with re- 
spect to the measured lines. These sketches were independently checked by both au- 
thors. Since the varying definition of the spectra sometimes caused irregular variations 
in some features as represented in the drawings, a second tracing was derived for each 
class from that of a neighboring spectral type by changing only those features which 
showed a clear variation. Later the entire new set of tracings was compared with the 
first set in order to check on the differences between them. The evolution of the different 
features with spectral type and luminosity was considered carefully, and in every doubt- 
ful case new comparisons on the plates were made. Finally, the tracings were used ina 
reclassification of all first- and second-class standard stars. The resulting classes are 
given in Table 1. 

Our experience shows that the tracings furnish a very useful guide in the process of 
actual classification. However, they have to be used with caution. Even with the careful 
intercomparison of spectra and tracings, there always remain minor differences which 
cannot be removed. Minor observable features depend too much on the definition of the 
spectrum, and, at the same time, spectra of two different stars of the same type are not 
always identical. The drawings for stars of different luminosities in one spectral class 
may show slight variations due to small differences in temperature. Finally, a general 
resemblance of the spectrum to a particular tracing should not be considered sufficient 
evidence of the temperature and luminosity class of a given star. One should consider 
also the tracings for neighboring luminosity classes and spectral types, for many times a 
slight change in temperature classification will necessitate a change in luminosity classifi- 
cation and vice versa. 

For the purpose of actual classification we produced a set of tracings which includes 
most luminosity classes in spectra from FO to KS. Part of these tracings are shown in 
Figures 3, 4, 5, and 6. In all spectral classes we can readily distinguish between luminos- 
ity classes V, III, and 16,3 corresponding to main-sequence stars, ordinary giants, and 


2 W. W. Morgan, P. C. Keenan, and E. Kellman, An Alas of Stellar Spectra (1943). 
8 We are using the notation adopted by Morgan, Keenan, and Kellman (ibid). 
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Fic. 1.—Objective-prism spectra of (a) 5 And F5 V; (6) T Vul F5 Id; (c) « Aur F5 Ta; (d) « Pse F8 
IV; (e) BD+62°130 F8 III; (f) 45 Dra F8 Id; (g) 72 Her G2 V; (h) x Her GO IV; (i) x Cep GO IIT; 
(k) BD+56°2923 G2 Ia. 
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Fic. 2.—Objective-prism spectra of (/) BD+66°1281 G5 V; (m) w Her G5 IV; (n) 31 Vul G5 II; 
(0) a! Cap G5 Ib; (p) o Dra KO V; (gq) y Cep KOTV; (7) 3 And KOIII; (s) 56 Peg K1 Id; (¢) BD+4°123 
K2 V; (uw) 6 Psc K5 ITI; (v) BD+48°3887 K5 Ib. 
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supergiants. In addition, in classes F8-KO the luminosity class IV can be determined. 
From F8 to G5 the stars in class IV appear to be luminous dwarfs; in G8 and KO they 
appear to be subgiants. Our limited data show a discontinuity in this class between G5 
and G8. 


PRINCIPAL FEATURES IN THE DIFFERENT SPECTRAL REGIONS 


The spectrum can be divided into a number of regions, some of which are more sensi- 
tive to spectral-type changes, others to luminosity. Regions primarily sensitive to spec- 
tral-type variation are \ 3860 to the K line and \ 4227 to Hy. Sensitive for luminosity 
differences are the regions AA 3700-3838, H-H6, and Hé-d 4227. This separation into 
regions is only approximate, but it is useful in the discussion. 

The procedure in classification begins with an approximate determination of spectral 
type for which well-known criteria are used. In the F stars the relative strength of the 
H and K lines and of the G band as compared to Hy gives the first approximation. The 
latter criterion may be used up to G5, where the break at the G band becomes apparent. 
The prominence of H6 is another indication of spectral class. From G8 onward the rela- 
tive intensity of the calcium line \ 4227 compared to the G band becomes the chief class 
criterion. In addition to these well-known criteria, the region \ 3860 to the K line gives 
material help. The appearance of the line at \ 3860 in late F stars and early G’s, the 
general absorption in this region in spectral types G2-KO, and the greater strength of 
\ 3860 in late K spectra may be used for spectral classification. None of the above cri- 
teria will give an accurate temperature as long as the luminosity of the star has not been 
determined. 

The first important luminosity criterion is furnished by the relative intensities of the 
lines in the ultraviolet around \ 3706 and \ 3720. The line \ 3720 appears to be much 
weakened in supergiants. Since the blend at \ 3706 is much broader than \ 3720, a very 
accurate intensity estimate is not possible, and the minor intensity changes indicated 
in the drawings between classes III, IV, and V are of little use. Supergiants, however, 
may be recognized at first sight if this region of the spectrum is accessible. 

A second important feature is the 77+ line at \ 3759, which is much strengthened in 
supergiants of types F2-GS. 

A comparison of the broad blend at AA 3820-3838 with that at » 3800 is very useful. 
Generally, the intensity ratio of these two features varies markedly with luminosity, 
the blend near AA 3820-3838 increasing in relative strength when the luminosity of the 
star diminishes. The actual variations of this region are involved, and they should be 
studied from the tracings. 

In the region between the H line and Hé6 there are some faint lines which show 
luminosity changes in the F stars. The intensity ratio of \ 4078 to the line on the violet 
side of it furnishes a useful luminosity criterion throughout almost the entire spectral 
range. However, this feature is at the limit of visibility in many of our spectra. 

In the region to the green of Hé6 the relative intensity of \ 4174 furnishes a very sensi- 
tive luminosity criterion. In the F stars this blend is most readily compared to the blend 
at \ 4227 or to the G band. In stars of later types, \ 4174 is compared with the blends on 
either side of it (4 4155 and \ 4200) as well as with Hé. The blend at \ 4128 increases 
in strength with increasing luminosity but is very sensitive to spectral type and disap- 
pears around KO. 

In the classes FO-KO the features mentioned above make a distinction between 
luminosity classes V, III, and Id relatively easy. Distinction between V and IV in types 
F8-G5 and between IV and III and in G8 and KO is more difficult. In the K stars the dis- 
tinction between classes V and III is easily observed. In the K dwarfs the blend at the 
position of 4 is still strong. This might be the reason why some of the K dwarfs among 
our standards have been classified as G stars in the Henry Draper Catalogue. 

The differentiation between classes III and Id is difficult in the K stars, since the ultra- 
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violet is usually invisible. The blue is of little help except for the inconspicuous feature 
near \ 4078. The filling-up of the region near \ 4025 and especially the change of the 
background level in the region from Hé to \ 4155 are useful in distinguishing between 
classes IIi and Id in these spectra. 

In making the drawings we have been careful to represent the level of the different 
spectral regions (ultraviolet and blue separately) as accurately as possible. This was 
found desirable, particularly, in the classification of faint spectra. 

The few stars of class Ia have exceptional spectra. They deviate in many respects 
fundamentally even from class Id stars. The spectrum of BD + 61°178 in the ultraviolet 
looks more like an early-type star. The strongest lines in this spectrum appear at the 
places of the hydrogen lines. The strengthening of the hydrogen lines, if there is not an 
accidental coincidence of wave length, appears also in the blue. However, the star may 
be composite. The star BD +56°2923 also shows exceptionally strong hydrogen and may 
be of earlier type than G2. More detailed study of these spectra seems highly desirable. 
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Fic. 7.—a, Correlation diagram of 81 stars having spectra of good quality; b, Correlation diagram of 
45 stars having spectra of inferior quality. 


After the luminosity of the star has been decided upon, the accurate temperature class 
can be determined. All features mentioned above may be used for this purpose. In addi- 
tion, many other features may be used now, e.g., the intensity ratio AA 4128-4155, or 
even the two lines between \ 4227 and the G band. Many of the features in the region 
between H and Hy, described above, correspond to features shown in the Adlas of Stellar 
Spectra and have been described by Morgan, Keenan, and Kellman. Since we deal with 
more blended lines, the criteria had to be studied independently for use in objective- 
prism spectra of low dispersion. 


APPLICATION OF LUMINOSITY CRITERIA TO THE STANDARD STARS 


After the tracings for the different luminosity classes had been made, the final check 
consisted in a reclassification of the first- and second-class standards in our plates. The 
results of this classification are given in Table 1. The first column gives the name of the 
star, the second column gives the quality of the ultraviolet and the blue regions, respec- 
tively, on a scale from 0 to 10. The third column gives our classification. The fourth 
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column gives the Henry Draper class, and the fifth column the absolute visual magnitude 
taken from the Schlesinger parallax catalogue. Where both spectroscopic and trigono- 
metric parallaxes were given, the weighted mean taken from the Bright Star Catalogue’ 
has been adopted. A few cases, in which the data were conflicting or where only a very 
inaccurate trigonometric parallax was available, have been marked by colons. 
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Fic. 8.—a, Spectrum-luminosity relation of 81 stars having spectra of good quality; 6, Spectrum- 
luminosity relation of 45 stars having spectra of inferior quality. 


The table contains 126 spectra, of which 81 have been considered of good quality and 
45 inferior. Figures 7 and 8 show, respectively, the comparison with the Henry Draper 
classification and a Russell diagram for these two groups of stars. The star T Vul is 
listed twice, since its spectrum was taken once near maximum light and once near mini- 
mum. It appears from these two figures that the method can be used with success on 
relatively poor spectra. 


* General Catalogue of Stellar Parallaxes Compiled at Yale University Observatory (1935). 
® Vale University Observatory Catalogue of Bright Stars (1940). 
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THE SPECTRUM OF £6 PEGASI* 


Dorotuy N. Davist 
Mount Wilson Observatory 
Received February 10, 1947 


ABSTRACT 


Wave lengths, intensities, and identifications of 10,000 lines in the spectrum of 8 Pegasi, dX 3400- 
8839 (Table 5), have been determined from spectrograms with dispersion of 2.9 A/mm, or 5.8 A/mm 
longward from \ 4900. The precision of wave lengths varies from +0.005 A in the ultraviolet to +0.026A 
in the infrared. The visually estimated intensities are almost linearly related to equivalent widths. The 
technique of identifying atomic and molecular contributors is described, with emphasis upon the special 
problems presented by a high-dispersion M-type spectrum. 

Forty-five elements are certainly present in the atmosphere of 8 Pegasi, while eleven more are doubt- 
fuily present. The unobserved elements are classified according to whether laboratory or stellar data are 
inadequate or whether ultimate lines are accessible. Brief notes on individual spectra of special interest, 
including the rare earths, are given in Part II. 

As a guide to physical conditions in the atmosphere of 8 Pegasi the highest observed excitation po- 
tentials for several elements are listed in Table 3. 

TiO is the most abundant molecule; MgH, SiH, and A/H are next in importance. Considerably Jess 
abundant are the following molecules: ZrO, ScO, YO, CrO, AlO, BO, C2, CH, CN, Sif, SiN, and, possibly, 
M gO. It is doubtful that BH, PH, FeO, MgF, SrH, and SrO are present. 


Typical of normal M-type giants is the bright star, 8 Pegasi,' which is essentially 
nonvariable both in light and in radial velocity. The rich spectrum is characterized by 
sharp lines. The spectral resolution attainable with the coudé spectrograph at the 
Mount Wilson Observatory is sufficiently high for certain identification of about 95 per 
cent of all features for which laboratory data are available. Lines as close as 0.10 A can 
be resolved and measured micrometrically. On twenty fold, high-contrast enlargements 
even more detail can be discerned, so that some line pairs as close as 0.08A are seen re- 
solved. Since it does not appear likely that better resolution will be achieved within a 
decade, it seems worth while to publish in as concise a form as possible the results of a 
detailed investigation. Such thorough and time-consuming studies may not be justified 
for many other stars, but it does seem worth while to attempt completeness for one 
example of each spectral class. 

Another reason for studying 8 Pegasi is that it has nearly the same surface tempera- 
ture as the supergiant a Scorpii, which was investigated earlier by the writer.” A com- 
parison of the two spectra is interesting from many points of view. 

The most compelling reason for selecting 8 Pegasi lies in the fact that this star ap- 
pears to be completely normal. While it is exceedingly interesting to study peculiar stars 
and their anomalous behavior, one must first have knowledge of normal stars in order to 
evaluate and interpret unusual stars. It is hoped that the star 6 Pegasi provides a re- 
liable basis of comparison. 


I, THE OBSERVATIONAL DATA 


All the spectrograms for this study of 8 Pegasi were obtained by Dr. W. S. Adams at 
the coudé focus of the 100-inch telescope. A complete list of the plates used in this in- 
vestigation appears in Table 1. The radial velocities and probable errors are based upon 
unblended lines only. The range is perhaps greater than would be expected if the velocity 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 733. 

t Now at National Technical Laboratories. 

1HD 217906; a = 22%58™9; 6 = +27°32' (1900); mag. 2.6; sp. M2; abs. mag. —0.6. 

2 Ap. J., 87, 335, 1938, and 89, 41, 1939. 
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were constant. The present data should not be regarded as conclusive evidence for the 
variability of the velocity of 8 Pegasi, because no effort was made to eliminate personal 
or instrumental errors in order to obtain absolute values. Furthermore, the velocities 
given in Table 1 were obtained from different groups of lines throughout the spectral 


range from A 3400 to A 8800. 


TABLE 1 
SPECTROGRAMS OF 6 PEGASI 
Probable 
Plate No. Average No. of Radia ! Error 
Date Dispersion : Velocity 
(Ce) (A/Mm) Lines (Km/Sec) of Mean 
(Km/Sec) 
1933 July 10 211 + 7.2 +0.13 
1939 Aug. 23 2.9 117 9.2 .06 
1939 Oct. 21 5.8 9.4 .18 
ee ae 1940 July 13 2.9 26 9.6 .08 
1940 Aug. 20 2.9 71 10.3 .06 
1941 Oct. 8 5.8 50 8.1 .16 
1941 Nov. 6 5.8 7 7.4 .34 
1942 Oct. 31 5.8 175 + 6.9 +0.11 
| 
TABLE 2 
ACCURACY OF WAVE LENGTHS 
Probable Error of 
Region Plate No. No. of Single Measure- 
Measured (Ce) Lines ment of Wave 
Length 
2396 71 +0.0060 A 
2376 26 .0056 
les 2139 37 .0236 
2899 150 .0262 


ACCURACY OF WAVE LENGTHS 


Although the primary object of this investigation was not to obtain highly accurate 
wave lengths, sufficient plates were measured to yield an accuracy satisfactory for identi- 
fication. In most regions, duplicate plates were measured in order to establish the reality 
of the faintest lines, as well as to improve wave lengths. In all, about eighteen thousand 
lines and features were measured. 

In Table 2 are listed the regions for which each plate was used; the last two columns 
contain the probable errors and the numbers of unblended lines used in the analysis. No 
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probable errors are given for the plates on which comparison lines were so faint or in- 
frequent that the stellar wave lengths had to be computed from constants derived from 
measurements of unblended stellar lines. The corresponding correction-curves show that 
accidental errors have about the same magnitude as the errors in near-by regions, which 
were measured on plates having good comparison lines. 

Because the probable errors in Tables 1 and 2 are “‘internal,”’ they serve only as a 
basis for comparing the accuracy of measurements on different plates. They indicate 
that over the region AA 3700-5000 the wave lengths of the best lines are good to +0.01A 
or better. In the visual and infrared regions, where the dispersion is only half of that in 
the viclet, errors in the wave lengths of good atomic lines may be as large as + 0.03A. 
Wave lengths of hazy features are somewhat less trustworthy. 

Systematic displacements of certain resonance lines were noted, but could not be 
studied thoroughly enough to warrant full publication at this time. The largest residuals 
from the mean velocity are shown by the absorption centers of the doubly reversed 
H and K lines of Ca 11; they average —12.5 km/sec. The Nai lines are displaced by 
—3.6 km/sec, while the K 1 lines show an average displacement of only —2.4 km/sec. 
The resonance lines of A/ 1 are apparently in their normal positions. The very broad line 
of Cat, \ 4227, may be slightly displaced to the red. 


INT.£NSITIES 


Originally it was planned to obtain equivalent widths for all the lines in this spectrum. 
Precise photometric measurement of eleven thousand lines presents formidable prob- 
lems, not the least of which is human endurance. A few microphotometer tracings were 
measured, but accuracy was everywhere seriously limited by the fact that the plates 
had been very well exposed in order to facilitate accurate wave-length measurement 
and the detection of weak lines. As a result, the continuous background is so dense that 
the energy absorbed by a given line cannot be measured with much accuracy. It is the 
purpose of this section to show that the writer’s visual intensities are reasonably con- 
sistent and should serve fairly well in lieu of equivalent widths. 

In estimating intensity the aim was to select a number which would represent the 
total energy subtracted from the continuous background by a single line. After some 
experience, the writer has developed a well-expanded visual-intensity scale which is al- 
most linearly related to equivalent widths. For example, a line of intensity 10 is taken as 
twice as strong as a line of intensity 5; that is, the one line absorbs twice as much energy 
from the continuous background as does the other. One step in the scale corresponds to 
an intensity change such that two lines with intensities differing by one unit are so similar 
that a difference can barely be distinguished. A difference of two intensity units indi- 
cates that there is no question about the relative intensities of the corresponding lines. 
After some practice, such a scale seems simple, natural, and reproducible. By starting 
with the faintest detectable line and building up the scale step by step, it is possible to 
assign reasonably accurate intensities to all the lines which can be seen on one enlarge- 
ment of a portion of the plate. Twenty fold enlargements were found to be best for this 
type of work. It was also found that by starting with the faintest lines and working up to 
the strongest it was possible to set up, independently on each enlargement, intensity 
scales which led to intensity estimates with accidental errors of less than two units. 
This figure was established by making several sets of estimates of the same region on 
enlargements of two different plates. 

A somewhat independent check on the writer’s intensity scale is afforded by com- 
paring visual estimates from an enlargement of a sky plate with C. W. Allen’s equivalent 
widths of solar lines* and the revised Rowland disk intensities. The correlation-curves in 


3 Mem. Mt. Siromlo Commonwealth Solar Obs., Vol. 1, No. 5, Part II, 1934. 
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Figure 1,A, show that a strictly linear relation holds in the range from 1 to 12 on the 
visual scale. The average deviation of individual points from the curve is less than one 
unit in the writer’s scale. Figure 1,B, shows a nearly linear relation between the two 
visual scales. Deviations are, however, somewhat large. In view of the fact that devia- 
tions for the same group of lines are small in Figure 1,A, it may be concluded that the 
residuals indicated in Figure 1,B, are largely due to the contracted nature of the Row- 
land scale. 

The intensities in Table 5 are of varying degrees of accuracy. The most reliable in- 
tensities are those in the region AA 4000-4800. The estimates made by inspection with 
the microscope while the plates were on the measuring engine could not be compared 
over wide regions of the spectrum because the field of view was limited. For the region 
dd 3400-4800 the micrometer estimates were supplemented by inspection of twenty fold 
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Fic. 1.—Intensities of lines in the solar spectrum estimated from a sky plate, Ce 2261, compared 
aa A, Allen’s widths; B, intensities from the Revised Rowland Table. Open circles have greater weight 
than dots. 


enlargements. Two sets of estimates were made at different times from enlargements of 
plate Ce 2376 for the region 4X 4000-4800, which was also covered once with enlarge- 
ments of the contrasty plate Ce 2083. The region \X 3400-4000 was covered twice with 
enlargements of plate Ce 2396. Obvious internal adjustments made it possible to place 
the intensities of all lines from 3600 to 4 4800 on a reasonably homogeneous scale. 

Intensities in the region \X 3400-3600 are not so reliable as the others, mainly be- 
cause of the rapid change in the continuous background. For the region \\ 4800-8836 
no attempt was made to adjust the intensities. The quality of the plates does not 
warrant such a procedure for the region beyond \ 6300. 

The approximate relation between visually estimated intensities and equivalent 
widths in the blue and ultraviolet regions is shown in Figure 2, where typical correlation- 
curves are shown for three different plates. The deviations are larger than for Figure 
1,4, because equivalent widths are difficult to determine accurately in late-type spectra. 
Furthermore, the intensity range is larger in Figure 2 than in Figure 1. Still, the correla- 
tion can be seen to approach linearity for the visua!-intensity range from 5 to 20, where 
most of the stellar lines fall. Accidental errors are relatively small in this range. The 
equivalent width of a line (in mA) is approximately ten times the visual intensity. 
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In estimating intensities the writer attempted always to take into consideration the 
appearance of lines. Descriptive terms, such as “hazy,” “sharp,” etc., were freely 
recorded in the original ledgers, but the value of publishing such terms is doubtful, if 
due regard has been paid to all subjective descriptive data when identifications were 
made. The numerical values of the intensities (for approximate verbal meanings see 
Part IV) include an adjustment for line appearance. For example, a wide, shallow 
line which appears to absorb the same amount of energy as a sharp, intense line was 
assigned the same numerical intensity as the latter. As a result, two lines of equal nu- 
merical intensity but of different character may have very different central intensities, 
while their total intensities are the same. 
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Fic. 2.—Correlation of visually estimated intensities and equivalent widths for 6 Pegasi. Open 
circles have greater weight than dots. The region AA 3490-3513 from plate Ce 2396; Ad 4126-4149 and 
dA 4311-4333 from plate Ce 2376. 


II. THE ATOMIC LINES 
TECHNIQUE OF IDENTIFICATION 


The most complete source of information on atomic lines is the Revised Multiplet 
Table (RMT),* which has been adopted as the basic source in this study. The usual 
technique of identification involves consideration of agreement in wave length, excitation 
potential, transition probability, and laboratory and stellar intensities. This simple pro- 
cedure is not, however, sufficient for the rich, high-dispersion spectrum of 6 Pegasi. 
Certain refinements which were especially useful in this investigation will be described. 

Extensive as it is, the RMT does not contain all the atomic lines which appear in the 
spectrum of 6 Pegasi. This is largely due to the fact that, in order to avoid prohibitive 


4C. E. Moore, “A Multiplet Table of Astrophysical Interest, Revised Edition,” Princeton Contr., 
No. 20, 1945. 
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size and expense, many lines had to be omitted from the published RMT. Atomic spectra 
for which no spectroscopic analysis exists were omitted in entirety. The writer was 
fortunate in obtaining from Miss Moore large portions of the original manuscript on 
which the RMT is based. Several Ti, V, and Zr multiplets which were either wholly or 
partly omitted from the RMT are present in 6 Pegasi. Many of these lines appear in 
the MIT table,> which accounts for the fact that the latter is frequently cited as a 
source in the third column of Table 5. 

A few stellar lines coincide with atomic lines which are in the solar spectrum but do 
not appear in either the RMT or the MIT table. Such lines can often be found in the 
original laboratory lists, references to which are given in the RMT. 

In spite of the high dispersion employed in this study, many lines are not completely 
resolved. Usually the number of significant contributors to a single line can be narrowed 
down to two. When more than three contributors appear to be involved, they are general- 
ly not all acknowledged in Table 5; in fact, a third contributor is sometimes omitted if it 
adds less than 10 per cent to the intensity of the line in question. This policy is based 
partly on typographical considerations and partly on the fact that one aim of this study 
is to show what lines are sufficiently unblended to be used for a determination of the 
curve of growth. Hence, since a line with two contributors is already unsuitable for 
photometric work, there is no need to specify more, unless a given line is critical in de- 
termining the presence of a spectroscopic term or element. 

For difficult cases of blending it was helpful to use multiplet intensity tables.® If a 
multiplet has only one unblended line, the intensity of the leading line can be predicted, 
whence theoretical stellar intensities of all other lines in the multiplet may be computed. 
(Better results are obtained, of course, if the multiplet in question has more than one 
unblended line, thus making it possible to obtain a better average for the leading line.) 
The line of intensity 10 at \ 4776.33 will serve as an example. As for all multiply blended 
lines, a card was prepared giving the information shown in the accompanying tabulation. 


Co 158 x6 2 
Fe 1206 x1 ? 
V 113 x4 4 


The first three columns give the laboratory wave length, element, and multiplet number 
for the only three lines in the RMT which could be responsible for the stellar line in 
question. Suppose we wish to know which contributor is most important and how much 
of the observed intensity is due to the high-level Fe line. The Co and V lines, both in the 
main diagonals of normal multiplets in which the leading lines are of intensity 10 or less, 
are x and x, lines, respectively; whence their theoretical intensities are 2 and 4. This 
leaves about four intensity units for the Fe line, the leading line of a multiplet in which 
the other lines are blended or absent. Since this is a rather high intensity for such a 
high-level line, in view of the fact that its laboratory intensity is only “‘(1n),” there must 
be another contributor, and so the final identification would read ‘“V(113)Co(158) 
Fe(1206)—.” (The final dash was omitted from the published identification for reasons 
described in the preceding paragraph.) 


PREDICTED LINES 
It is well known that the Fe spectrum is rich in predicted lines observable in the solar 
spectrum. Many of the same predicted lines are present in the spectrum of 6 Pegasi. 


5G. R. Harrison and others, M.J.T. Wavelength Tables (New York: Wiley, 1939). Hereafter cited 
as “MIT”’ table. 


° The notation used here is that of H. N. Russell, Mt. W. Contr., No. 537; Ap. J., 83, 129, 1936, 
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Predicted low-level lines of 7i 1 and 7i 11 are also abundantly present. Multiplet (40) 
of 771 is made up entirely of predicted lines, which are all present and, with one excep- 
tion, unblended in 8 Pegasi. An amazingly large percentage of high-level predicted Fe 1 
lines also are present, a good example being multiplet (1272). 

A few stellar lines were found to be previously unpredicted lines which were computed 
by the writer from known spectroscopic levels. The possibilities have by no means been 
exhausted. 


UNIDENTIFIED LINES 


After the possibilities offered by the above methods were exhausted, a few lines re- 
mained unidentified. The majority of these lines coincide closely with unidentified solar 
lines. There are, however, so many solar lines of intensity —3 that many coincidences 
must be due to pure chance. The temptation to equate every unidentifiable stellar line 
with any unidentified solar line of the same wave length has been resisted. If, however, 
an unidentified solar line is certainly real or if it is strengthened in the sun-spot spectrum, 
it may reasonably be expected to appear in an M-type spectrum. 

Other unidentified stellar lines are undoubtedly due to unobserved, but predictable, 
lines of well-known atoms or molecules. None of them are in the MIT table, for that 
source has already been exhausted by the writer, but some may be found in original 
laboratory lists. It would be a tremendous task to comb through all the lines in Kayser’s 
Handbuch and in recent research papers. This was done for a few exceptionally abundant 
elements like 7i, V, and Zr; but for most elements further searching would yield 
diminishing returns. 


DOUBLING OF RESONANCE LINES AND OTHER LOW-LEVEL LINES 


The most remarkable example of doubling is provided by the enormously strong, wide 
resonance lines of Ca 11. Strong emission at their centers is divided by relatively narrow 
absorption (see Fig. 3,a). Contours for these lines have been determined from micropho- 
tometer tracings. The nature and extent of double reversal of the Ca 1 lines in spectra of 
K- and M-type stars have been studied and will be described in a future communication. 

Low-level lines of Cr1, Fe1, Ti1, Tim, Sc, and Ni show definite or merely in- 
cipient doubling. No doubling was observed, however, for the resonance lines of Cal 
and Ali. This very interesting problem deserves further study. It should be noted that 
the symmetrical doubling observed in the spectrum of 8 Pegasi differs from the asym- 
metrical broadening and doubling which have been observed in the spectra of M-type 
supergiants.’? Undoubtedly, some connection exists between the doubling and the effec- 
tive atmospheric level at which the central part of the line originates. 


UNUSUAL STRENGTH OF SATELLITE LINES IN MULTIPLETS 


By means of Russell’s tables® the theoretical intensities of the first and second: 
satellite lines were computed for several well-developed multiplets. It was often found 
that, while intensities in the main diagonal followed closely the theoretical intensities, 
the lines in the satellite branches, particularly the z-branch, were somewhat stronger than 
the theoretical values. Until more is known about the curve of growth, it would be 
dangerous to draw any conclusions. 


EXCITATION CONDITIONS IN THE ATMOSPHERE OF £ PEGASI 


In a project of this type it is difficult to avoid becoming submerged in a sea of details. 
Many minor and apparently unrelated facts have been brought out by this study. The 


7W.S. Adams, Mt. W. Contr., No. 638; Ap. J., 93, 11, 1941; L. Spitzer, Jr., Mt. W. Contr., No. 619; 
Ap. J., 90, 494, 1939. 
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next phase is to correlate observations and to strive for an accurate over-all description 


of M-type spectra. A curve of growth would partly fill this need. An analysis based upon 
calibrated intensities, absolute f-values, and transition probabilities cannot, however, be 
undertaken by the writer at present. 

Some indication of physical conditions in the atmosphere of 6 Pegasi is afforded by a 
tabulation of the highest excitation potential observed in the spectra of certain elements. 
Table 3 gives also the wave lengths and multiplet numbers of the observed lines which 
correspond to these levels. The table is divided into two parts, one for neutral and the 
other for singly ionized elements. 

Intensities are given in Table 3 for the solar counterparts of the lines observed in 
6 Pegasi. Immediately following the intensities are indicated the blending elements or 
molecules, if any. In order to obtain a representative value of the highest observed 
excitation potential, it is necessary to include a few blended lines in this table. If they 
had been omitted because of blending, the excitation potential of a line of lower excita- 
tion potential, which would have been chosen for its purity, would have been quite with- 
out meaning as far as excitation conditions are concerned. A blended line was, however, 
included only when its identification was certain. The amount which the element in ques- 
tion contributes to the observed absorption, given in parentheses in the intensity column, 
was estimated by studying other lines in the same multiplet and/or studying the inten- 
sity distribution in multiplets (or molecular spectra) responsible for blending. 

It is interesting to note that the elements of high atomic weight (that is, from Ba on) 
are represented in this table only by lines arising from the ionized state. A few lines of 
the neutral rare earths may be present in 6 Pegasi, but they are weak and doubtful. 

The column headed “‘E.P./I.P.,”’ which gives the ratio of the excitation potential to 
the first ionization potential above the given state, is included for comparison with a 
similar tabulation in the forthcoming paper on the infrared solar spectrum which Mr. 
Babcock kindly showed to the writer in advance of publication. For the first long period 
of the periodic table the ratio E.P./I.P progresses slowly to a maximum at Fe and 
declines thereafter, averaging about 0.6 for this group. For elements of higher atomic 
weight the ratio is smaller. 

While the ratio E.P./I.P. for the neutral elements varies through a range of approxi- 
mately only three times, the Boltzmann factor, e~“/*”, shows an enormous range. Before 
they are multiplied by the ratio of the statistical weights, the Boltzmann factors (with 
T = 3100° K) vary from 2.49 X 10~-!° for Mg to 9.9 X 10~ for Zr, a range® of a million 
times! This enormous range illustrates the well-known fact that temperature is not the 
only factor which determines whether a level is sufficiently well populated to give rise to 
observable lines. 

OCCURRENCE OF ELEMENTS IN 8 PEGASI 


The certain identification of forty-five elements in the atmosphere of 6 Pegasi re- 
sulted from this study. The presence of eleven other elements is doubtful, their critical 
lines being a little too heavily masked for certainty. It would seem, however, that they 
must be present because, without them, some lines would be difficult to explain. 

Though the remaining thirty-six elements have not been observed in 6 Pegasi, they 
should not be regarded as definitely absent. Some cannot be observed for reasons beyond 
human control, while others are unobservable because of insufficient data. The unob- 
served elements form the last two groups of Table 4. The distinction between ‘‘Insuf- 
ficient stellar data” and ‘“‘Ultimate lines inaccessible” is that the former might be ob- 
served if stellar observations were extended beyond the wave-length limits of this study, 
while the latter groups could never be observed on the earth’s surface because of atmos- 
pheric absorption. 


8 The true extreme values 3.29 X 1077 for H and 2.76 X 107? for Rk have been purposely ignored 
because H is so abundant and RA so rare. 
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NOTES ON INDIVIDUAL SPECTRA 


Certain interesting details about atomic spectra observed in 8 Pegasi are arranged be- 
low in order of atomic number. Several elements have been omitted from the discussion, 
not because they were unobserved, but because there was nothing unusual about their 
occurrence in 6 Pegasi. 

H.—Ha and Hf have intense, ‘‘square” cores 1.2A and 0.5A wide, respectively. Hy 
and Hé have fairly wide, symmetrical wings and high central intensities. 

Li I.—The resonance doublet at \ 6707, although searched for on several plates, was 
not found. No normal lines appear in the expected position in the stellar spectrum. If 


TABLE 4 
OCCURRENCE OF ELEMENTS IN 8 PEGASI 


Group I. Elements Present—56 


(H B* c* N* O* F* Na Mg} Al Si 
|K Ca Se Ti V Cr Mn| Fe Co Ni 
<Cu Zn Ga.| Sr Y Zr Cb Mo Ru Rh 
Dy Ba La Ce Pr Nd | Sm|\ Eu Gd Tb 


Doubtful Rb In Ho Er Hf Re Ir 

Group II. Insufficient Data—17 
| | 

Insufficient stellar data..... {Be 4 | Ge | Ag | Cd | Sn | Sb | Cs Ls Te 
Insufficient laboratory data.| Ma | 85 | 87 | Il | Th | | | 

| | 


Ultimate lines inaccessible. . 


* Elements observed only in molecular combinations. 


the Li lines are shifted as much to the violet as are the Na lines, then the line at \ 6707.53, 
which is only partly due to TiO, may be partly due to Li. 

NaI.—The D lines are a little unsymmetrical (see Fig. 4,c), the shortward side being 
sharper. They are about 1 A wide. 

Mg I.—The great abundance of Mg in 8 Pegasi is indicated not only by very strong 
low-level lines but also by several predicted lines from the high 3'D level. 

Al I.—The symmetry of the very strong, broad resonance lines (see Fig. 3,a,b) is not 
determinate because of blending in the wings of the H and K lines. 

Si I.—In addition to the familiar lines in the violet, several high-level, infrared lines 
are present. Lines arising in the 3d'D° state all have wave lengths which coincide 
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with solar values rather than with laboratory values. Mr. Babcock has pointed out? 
that this is an outstanding example of the effect of laboratory excitation conditions 
upon wave lengths. 

K I.—The strong resonance lines are easily distinguished from the intense lines of 
the atmospheric A band. Only one other line in the principal series, \ 4044.14, is un- 
blended. 

Ca I.—The symmetrical wings of the intense resonance line (see Fig. 3,d) may easily 
be seen over a region 10 A wide. 

Ca IJ.—The strongest and most unusual lines in the spectrum of 8 Pegasi are due to 
Cau. The total equivalent width of the two resonance lines is 44.3 + 1.5 A. The wings 
overlap (see Fig. 3,a,b) and cover a region more than 100 A in width. This would be 
an excellent region for further investigation of the theories of line formation by the 
method of A. D. Thackeray.'® The infrared lines of Ca 1 are the strongest observed in 
the infrared region (see Fig. 3,c). 

Ti IJ.—The spectrum of 77 0, like that of 771, is exceptionally well developed in 
8 Pegasi. Levels of excitation potential higher than 1 volt are represented by strong 
lines. Lines barely visible in the laboratory, indicated in the RMT by “‘tr,” have intensi- 
ties as high as 12 in 6 Pegasi! Predicted lines are also well represented. Above 2 volts 
there is a distinct drop in occurrence and intensity. 

Fe I.—Approximately two-fifths of the lines in the spectrum of 6 Pegasi belong to the 
well-developed Fe 1 spectrum. As expected, low-level lines are intense, but certain high- 
level lines are unexpectedly strong. Levels having excitation potentials greater than 4 
volts have been detected with certainty. Particularly interesting are the strong infrared 
multiplets (60) and (1154). Hundreds of predicted lines present in the solar spectrum 
are also present in 6 Pegasi. 

Fe II.—The strongest Fe u line in 8 Pegasi, \ 4233.16, has an intensity of only 3. 
If correctly identified, the Fe 1 line with the greatest laboratory intensity is only 2 in 
6 Pegasi. Its weakness is probably due to its relatively high excitation potential. 

Co I.—Intensities in the first multiplet follow closely the laboratory intensities, which 
is interesting because this is an intercombination multiplet. On the whole, the Col 
spectrum is well developed in 8 Pegasi. 

NiI.—Some of the low-level lines are very strong and wide. They are predominant 
features of the ultraviolet spectrum of 6 Pegasi. 

Ga I.—Both of the lines listed in the RMT are blended in 6 Pegasi. The line at 
d 4172.05 (see Fig. 4,2) coincides with a very strong stellar line, which could not possibly 
be due to Fe alone. Since the same line is strengthened in a Herculis, it seems highly 
probable that Ga is present in both stars. 

Rb I.—Both ultimate lines fall in regions where 7i0 lines are numerous. The Rb1 
line at \ 7800.23 is 0.06 A from a stellar line which coincides with a feature in the 
laboratory spectrogram of TiO, which may very well contain Rb as an impurity. The 
same laboratory plate shows strong lines due to two other alkalis, Na and K. The 
Rb t lines near \ 4200 are hopelessly masked. We may conclude only that Rd is doubt- 
fully present in 8 Pegasi. At least, it is not clearly absent. 

Sr I.—The line of highest excitation potential in 6 Pegasi is not observed in the sun. 
This might indicate greater abundance of Sr in 8 Pegasi, but it is more probable that the 
moderate ionization potential of Sr 1 causes the neutral element to be seriously depleted 
in the sun. 

Zr t.—Nearly every Zrt line listed in the RMT may be found in 6 Pegasi. More 
Zr 1 lines are included in the original list,!! but none which originate from levels higher 


In conversation. 
10 Mt. W. Conir., No. 555; Ap. J., 84, 433, 1936. 
11C. C. Kiess and Harriet K. Kiess, Bur. Standards J. Res., 6, 621, 1931. 
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than 1.87 volts were found in 6 Pegasi. Lines of Zr 11 also are well represented in 8 
Pegasi. 

Cb I.—All Cb 1 lines appear fuzzy in Pegasi. 

Ru I.—This is another element whose lines are far more prevalent in 8 Pegasi than 
in the sun. A few lines not listed in the RMT are definitely present in 6 Pegasi. No 
observable Rw 11 lines are present. 

Rh I.—The low-level lines are considerably stronger in 6 Pegasi than in the sun. 

Pd I.—The first multiplet is strengthened in 8 Pegasi, but in the second multiplet. 
the leading line, supposedly the ultimate line of the Pd 1 spectrum, is weak. 

In I.—The ultimate line has an intensity of only 6, yet it is distinctly stronger than 
in the sun. 

Cs I.—The wave length of the ultimate line is 0.16 A shorter than that of the nearest 
stellar line, \ 8521.26, the intensity of which is only —2. If Cs shares in the velocity shift 
observed for Na and K, a stellar line should be on the other side, where no line is ob- 
served. There would be no hope of finding any weaker lines in the infrared unless a fine- 
grained emulsion were used. 

Ba II.—The great strength of the Ba 1 and Zr 1 lines suggests a possible connection 
between 6 Pegasi and stars with S-type spectra. 

La I.—The ultimate line, as well as other strong lines, is absent. 

La IT.—The lowest state is not well represented in 6 Pegasi. The next level, a'D, 
provides the strongest Lat lines in 6 Pegasi. Higher levels contribute very little, if 
at all. 

Ce 11.—The lines of Group I are stronger in 6 Pegasi than are the lines of Group II. 
There are more lines in Group II, but fewer show in 6 Pegasi. The first multiplet of 
Group I is well developed in 8 Pegasi, although none of the lines is above average 
intensity. 

Pr II.—Because the majority of the strongest Pr 1 lines fall in the region dominated 
by the H and K lines or in regions masked by 770 lines, very few unblended lines are 
observable. There can be no doubt that Pr 11 contributes substantially to many blends. 
Very puzzling is the broad, hazy line at \ 4408.84, centered on a strong Pr 11 line but 
much wider than expected of a single line. The rest of the absorption may be due to an 
unidentified molecule. Many of the strongest Pr 11 lines are unclassified, but only two 
coincide with unblended stellar lines. 

Nd II —The majority of the unblended lines arise from the lowest state Above an 
excitation potential of 0.7 volt few Nd 11 lines show in 8 Pegasi. About one-fourth of the 
unblended lines are unclassified spectroscopically. Lines of temperature class II show 
well. Class IV lines are less prevalent. 

Sm I.—The line of greatest laboratory intensity is absent. The ultimate line and other 
strong lines are masked. The strong line at \ 3756.411 coincides with an unblended 
stellar line of intensity 0, but this Sm 1 line coincides with a Sm 1 line, multiplet (44). 
Of the two other lines in the Sm 1 multiplet, one is absent and the other is 0.07 A from 
a stellar line of intensity 0. There is also a Dy 11 line at this wave length. It does not 
seem very likely that neutral Sm is in the atmosphere of 8 Pegasi. 

Sm II.—The lowest-lying levels are well represented. Some lines are unexpectedly 
strong in 6 Pegasi. Multiplet (37) is particularly strong. On the other hand, several lines 
which have high laboratory intensities are weak or absent from the spectrum of 8 Pegasi. 
It is evident that laboratory intensities are not very well correlated with stellar intensi- 
ties. Lines of excitation potential greater than 0.7 volt do not appear. Several unclassified 
lines are present. 

Eu I.—The ultimate line and another strong line are masked. The zero-level line at 
— coincides with a stellar line of intensity 3, which is probably due entirely to 

10. 
Eu IT.—The ultimate line has an intensity of 6, but a line at \ 3907.10 which is 
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weaker in the laboratory is twice as strong as the ultimate line in 6 Pegasi. Another un- 
usually strong line is \ 4205.05. Lines from levels above 1.37 volts are probably absent. 
None of the unclassified lines appear to be present. 

Gd I.—The ultimate line is hopelessly masked by the Ca line at \ 4227. Because the 
ionization potential is higher than for other rare earths, there is some hope of finding 
Gd1t in B Pegasi. Five lines which may be present are: Ad 4345.46, 5617.91, 5696.22, 
5856.22, and 6991.92. No very definite conclusion may be drawn at present. 

Gd IT.—The four lowest levels appear definitely to be contributing in 6 Pegasi. There 
are a few puzzling anomalies in intensity. Above an excitation potential of 1.06 volts, 
all lines having strong laboratory intensities are absent or very weak. Of the spectro- 
scopically unclassified lines, only two of temperature class IV appear, and none of 
class V. 

Tb II.—The strongest class V line is present and evidently unblended. Of the four 
strongest class IV lines two are apparently unblended. All the strongest lines, except 
4 4005.55, are present in R Andromedae.” We may conclude that 76 11 is definitely 
present in 6 Pegasi. 

Dy I.—The three strongest lines all coincide closely with lines in the spectrum of 
B Pegasi: dA 4186.80, 4194.83, and 4211.70. This is the most definite evidence for the 
presence of a neutral rare earth i in B Pegasi. 

Dy IT.—Of all the rare earths, Dy 11 contributes the strongest lines to the spectrum 
of B Pegasi. The two strongest lines are at ) 4077.97 and \ 4103.31. A large proportion of 
the lines in Table 2 of the paper by King and Moore’? is present. The stellar intensities 
are in good accord with laboratory intensities, except for a few lines that are stronger 
than expected. 

Ho I.—The majority of the strongest arc and furnace lines are masked by strong 
stellar lines of known origin. Two stellar lines which are difficult to identify with any 
other element coincide with Ho1 lines at \ 4103.84 and d 4163.03. The former line is 
strengthened in the sun-spot spectrum and shows in R Andromedae.” The presence of 
Ho 1 is doubtful. 

Ho II .—Of the three strongest lines, one coincides with a Ho 1 line, which is masked 
in 6 Pegasi by Co1, Nd, and Cet. The second falls near a strong Cot line in the 
wing of the very strong Fe 1 line at \ 4045. The third falls near a stellar line at \ 3891.07, 
which is due partly to V 1. This coincidence looks promising but is probably insuilcseas 
evidence for the presence of Ho I1. 

Er I or Er IT. —There are several good coincidences with stellar lines. One of the stra 
est lines, \ 3766.26, is absent, however. Nothing more can be said about Ey at present. 

Tm I.—Five stellar lines coincide with the strongest 7m 1 lines. Three of these lines 
are very weak in the solar spectrum and appear in R Andromedae.” 

Tm II.—The strongest line of the spectrum falls near a predicted 771 line which is 
not given in the RMT. All except four of the other strong lines are blended. Higher levels 
are apparently inactive. Three unclassified lines are evidently unblended in 6 Pegasi. 

Yb J.—The two strongest lines are present, one being the ultimate line. All lines hav- 
ing arc intensity greater than 20 were searched for. Only one unblended line was found. 

Yb JI.—The ultimate line is moderately strong in 6 Pegasi, the intensity being 14. 
Several close coincidences were observed with lines having arc intensities greater than 
20. Only the lowest levels appear to be contributing. 

Lu I.—All except one of the strongest low-level lines are either masked or absent. 
The unblended line is at \ 4124.73 and has an intensity of 1. 

Lu IT.—The single zero-level line at \ 3507.39 is masked by two lines which are clos¢ 
together in 8 Pegasi. There is absorption between them, but this is probably due to Fe. 


2P. W. Merrill, Mt. W. Contr., No. 730; Ap. J., 105, 360, 1947. 
13 Mt. W. Conir., No. 681; Ap. J., 98, 33, 1943. 
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None of the higher-level lines appear to be present. The presence of Luu or Lut in 
8 Pegasi is very doubtful. 

Hf I.—All the low-level lines are masked in the observed region. 

Hf II.—The strongest low-level line, \ 3399.80, coincides with half of a double stellar 
line, probable intensity 2. There are no other convincing coincidences. 

W I.—The strongest lines coincide with stellar lines, one being unblended, intensity 
only 1. None of the lines in the first five multiplets in the RMT appear to be present. 

Re I.—The ultimate line is apparently unblended, intensity 3. Two other lines in the 
same multiplet contribute to blends. One of the two strong lines in the first multiplet is 
absent; hence the evidence for Re I must be considered doubtful. 

Os I.—Three zero-level lines are in the observed range. One line, \ 3528.60, is ap- 
parently unblended in 6 Pegasi, intensity 5. The only line from the next level apparently 
contributes to the double line at \ 3752.44. One of the three observable lines from the 
next level is unblended in 8 Pegasi. 

Ir I.—The first line of the first multiplet is unblended, intensity 3. Other lines are 
masked or absent, which makes the identification of /r in 8 Pegasi doubtful. 

Tl I.—The ultimate line is masked by a powerful 710 band. The strong line at 
\ 3519.24 appears to be unblended, intensity 1. 

U I.—The strongest low-level lines are all absent, except for \ 6395.42, which co- 
incides with an identified stellar line, intensity 1. This is probably a chance coincidence. 
Since U is a rare-earth type of element with a low ionization potential, one would expect 
the spectrum of U 11 to have a better chance of appearing. The great atomic weight and 
radioactivity of U appear, however, to be prohibitive. 


III. THE MOLECULAR SPECTRUM 


One of the reasons for selecting 8 Pegasi for study was that the atmosphere of this 
star has a temperature which is theoretically an optimum for the existence of several 
diatomic molecules, as may be seen from the molecular abundance-curves computed by 
M. Nicolet. Except for tightly. bound molecules like CH, CN, and C2, the maxima 
for the most likely molecules lie between 3000° and 3100° K. Although several molecules 
remain to be studied, enough has been done to show that the theoretical predictions are 
moderately well followed out in 8 Pegasi. 

As expected, Ti0 is the dominating molecule in this star. Of all other molecules, MgH, 
SiH, and A/lH are by far the most abundant. This is also to be expected because the 
constituents are the most abundant atoms in stellar atmospheres. 

According to Figure 12 of Nicolet’s paper,'* the order of strength of the metallic 
oxides should be ScO, VO, MnO, ZrO, CrO. The observed order of intensity in 6 Pegasi 
is more nearly ZrO, ScO, YO, CrO. The apparent absence of VO and MnO may be due to 
the very open nature of the spectral structure, as compared with the other spectra, 
which are characterized by closely packed lines near some of the heads. 


TECHNIQUE OF IDENTIFYING MOLECULAR ABSORPTION 


With high-dispersion stellar spectra it is not sufficient simply to look for band heads. 
If a rotational analysis exists, its presence is established by noting wave-length coinci- 
dences. Due regard must be paid to theoretical intensity distribution, a function mainly 
of temperature and transition probabilities. Intensity formulae, if not too complicated, 
may be differentiated to obtain a relation between temperature and the quantum num- 
ber for which intensity should be a maximum. With this relation as a guide it may not be 
difficult to decide about the presence of a molecule. If the molecule is not very abundant 
and has a complex spectrum with many rotational lines, it is worth while to compute 
the number of chance coincidences to be expected, according to the method outlined 


4 Mem. Soc. R. d. sci. Liége, Ser. 4, 2, 89, 1937. 
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previously by the writer.’ If the number of coincidences is greater than the number ex- 
pected by chance and if the coincidences and absences are uncorrelated with the theo- 
retical intensity distribution, it is not possible to conclude that the molecule is present. 

If only a vibrational analysis is available, the task of identification is much greater 
and the results are relatively uncertain. It has been found that the best procedure under 
such circumstances is to obtain a laboratory spectrogram of the emitting molecule and 
from it prepare a glass positive with approximately the same dispersion as the stellar 
spectrogram. With a Hartmann spectrocomparator, the glass positive may be compared 
directly with the stellar plate. A. S. King and R. B. King took the desired laboratory 
spectrograms. Glass positives were prepared by the writer for the following molecular 
spectra: AlO, BaO, CN, CaO, CbO, CrO, FeO, MgO, MnO, ScO, TiO, YO, and ZrO. 
Identifications may be further checked by comparison with other stellar spectra. 

The procedure described above provided the only successful method for recognizing 
the very numerous 770 lines, which constitute practically the entire stellar spectrum in 
several wide regions. Only three 770 bands have been submitted to rotational analysis. 
Countless other TiO bands are present in the spectrum of 6 Pegasi and of all other 
M-type stars, and could be recognized only by direct comparison with positives through- 
out the spectrum from \ 4300 to » 8300 A (see Fig. 4,c). 

Much inconvenience has been caused by the lack of rotational analyses, which are 
usually conducted by physicists only sufficiently far to identify the transition type, 
verify the combination principle, and determine molecular constants. It is true that, after 
these data are substantiated, the physicist has little to gain by further laborious measure- 
ments and assignment of quantum numbers. Furthermore, some molecular spectra of 
high astrophysical importance are quite unattractive to physicists because they are 
normal or unnecessary for checking theory. The astrophysicist, on the other hand, needs 
a complete picture of a given molecular spectrum in order to identify stellar features. 
Extensive analyses are needed, particularly for 7i0, ZrO, ScO, YO, and CrO. 

Laboratory data are often incomplete because of the mode of excitation. If laboratory 
sources are at low temperatures, higher molecular levels which are effective in stellar 
atmospheres are simply not populated and fail to give lines in the laboratory spectra. 
This is known to be true in the spectra of SiH and A/H, for which the writer had to 
resort to the risky procedure of extrapolating combination differences in order to predict 
the positions of lines which were observed in the spectrum of 6 Pegasi, although not 
observable in the laboratory spectrum. 


NOTES ON INDIVIDUAL MOLECULAR SPECTRA 


A thorough investigation of all the molecules to be expected in 6 Pegasi was planned 
but has not yet been completed, except in a qualitative manner. It is to be hoped that 
quantitative results will soon be forthcoming. The following paragraphs give briefly 
the most interesting facts about the molecules which have been investigated. The 
information is arranged alphabetically, according to chemical symbol. 

AlH.—The (0, 0) transition, beginning at \ 4241, is one of the strongest molecular 
contributors to the spectrum of 6 Pegasi (see Fig. 3,d). The (1, 1), (1, 0), and (0, 1) 
transitions are far less conspicuous. Some photometric work on this spectrum was men- 
tioned earlier.’® Lines in the R branch of the (0, 0) band are marked in Figure 3,d. 

AlO.—The (0, 0) head begins at \ 4842.6, where there is some very weak absorption 
that cannot be attributed to any known atom or to 770. The entire absorption due to 
lines from K = 1 to K = 23 appears as only a hazy line of intensity 0 or 1 in B Pegasi. 
The P branch starts around \ 4846, where some weak, unresolved structures, probably 
due to 770 or the R branch of A/O, appear in 8 Pegasi. This evidence and other convinc- 


6 Ap. J., 86, 109, 1937; and 94, 276, 1941. 
®*D.N. Davis, Pub. A.A.S., 10, 48, 1940. 
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ing evidence of A/O absorption in the sun” and in M-type stars make it probable that 
the *2 state of A/O is the ground state, although B. Rosen'* thought differently. 

BH.—This elusive molecule is probably not in 6 Pegasi. Coincidences are about as fre- 
quent as might be expected by chance. Only a few very weak stellar lines of intensities 
from —3 to 0 could possibly be assigned to BH. 

BO.—Many BO bands are well resolved and have been measured and thoroughly 
analyzed,'® but BO is apparently only a weak contributor to the spectrum of 6 Pegasi. 
A few lines of the (0, 0) band at \ 4227 attain, at most, an intensity of about 1 (see Fig. 
3,d). A few of the other bands appear to coincide with weak, hazy features in the 
spectrum of 6 Pegasi. 

BaO.—The (0, 0) transition is evidently favored by the relative positions of the poten- 
tial curves. Unfortunately, it falls in a region dominated by 7i0. The (1, 1) band has 
high intensity on laboratory plates and coincides with a group of very weak features 
near \ 6041, which cannot be attributed to 770. 

‘ Co.—The (0, 0) head falls in the green, just 1 A from the place where the (0, 0) band 
of 7i0 begins (see Fig. 4, 6). Fortunately, the two heads are degraded in opposite direc- 
tions. A broad, hazy feature at \ 5164.6 is probably due entirely to a piling-up of the P 
branch in the C2 spectrum. The R branch has a head near \ 5148, but no stellar absorp- 
tion which cannot be otherwise accounted for is here There is, however, a weak, general 
background absorption from \ 5148.2 to \-5146.1 which may be attributed to C2. Other 
bands of the Swan system are evidently absent. 

CH.—Several lines in the (0, 0) band coincide with stellar lines in a manner which is 
convincingly correlated with quantum number. The strongest unblended lines have an 
intensity of 1. Certain lines are marked in Figure 3,d. 

CN.—Unblended lines of the (0, 0) band have intensities as high as 4 in 6 Pegasi. 
There is a small region from \ 3879.2 to \ 3880.7, where all the absorption is due to CN. 
The (1, 1) head is visible, but weak. A few lines of the (1, 1) band have been found, the 
maximum intensity being 0. The (2, 2) head is absent. The head of the (0, 1) band coin- 
cides with very strong Fe and Sr 11 lines (see Fig. 3,d). There are not enough convincing 
coincidences with lines of the (1, 0) band to make identification certain. 

CaO.—General background absorption, beginning at \ 4084, may be due to the (1, 0) 
band. The (0, 0) band is unfavorably situated near the CN bands and the A 4226 line 
of Cal. 

CrO.—The bands are well spread out. A rotational analysis is greatly needed. Some 
broad features in the spectrum of 8 Pegasi, which cannot be explained otherwise and 
may be due to CrO, are at AA 6053.74, 6055.22, and 6056.99. The (0, 1) band at \ 6394 
may possibly be present. 

FeO —The spectrum consists of widespread groups of lines. Neutral Fe is supposedly 
more abundant than 7%, especially in 8 Pegasi, where practically none of the Fe atoms 
are ionized. The apparent absence of FeO from 6 Pegasi may indicate that the dissocia- 
tion potential of FeO is relatively low. 

MgF.—The band at \ 3594, observed in the sun, does not seem to be present in 
Pegasi. 

MgH.—The (0, 0), (1, 0), and (0, 1) bands are present. Many lines of the widespread 
(0, 0) band are present, several being of intensity 8. The intensity maximum is around 
Q(18). A few unblended MgH lines are marked in Figure 4,0. 

MgO.—Several moderately strong lines from 5003 to 5006 may be partially 
ascribed to the (0, 0) band of MgO. There is, however, no striking correspondence with 
a positive laboratory spectrogram. 


"1H. D. Babcock, Mt. W. Contr., No. 708; Ap. J., 102, 154, 1945. . 18 Phys. Rev., 68, 124, 1945. 


1 F. A. Jenkins, Proc. Nat. Acad., 13, 496, 1927; Jenkins and McKellar, Phys. Rev., 42, 464, 1932; 
W. Scheib, Zs. f. Phys., 60, 74, 1930. 
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MnO.—The (0, 0) band is not very concentrated, being degraded in either direction. 
All stellar features in the corresponding region can be accounted for, except for A 5580.90, 
which is a little stronger than on a laboratory positive of the 770 spectrum. For a 
rich spectrum like that of MnO, one coincidence is not enough to establish identification. 

NH.—The ultraviolet limit of available plates for 8 Pegasi is near the (0, 0) band of 
NH at d 3360. Very definite absorption appears at the correct location; hence it seems 
certain that NH is present. 

PH .—Several close coincidences were observed with lines in the complex (0, 0) band, 
but the number of chance coincidences which may be expected is very little less than the 
number observed. Hence we must regard the presence of PH in 8 Pegasi as doubtful. 
Further details may be found in an earlier paper by the writer.”° 

ScO.—System V is the strongest in 8 Pegasi, the (0,0) band being at \ 6017.29. The 
(0, 0) band of system III at A 6036 is also strong in 6 Pegasi. The (0, 0) band of system II 
is present. 

SF .—Only a small part near the head of the (0, 0) band of this well-analyzed spec- 
trum appears to be present in 6 Pegasi. Between \ 4368.24 and \ 4372.72 there are weak 
contributions by Sif, none being unblended. Still, there can be no doubt that SiF is 
responsible for some absorption. It is strongest in 8 Pegasi and » Geminorum, inter- 
mediate in a Tauri, weak in a Bodtis, and very weak in y Cygni. 

SiH.—Next to TiO and MgH, SiH produces the strongest molecular absorption in 
6 Pegasi. Four of the twelve branches in the (0, 0) band are marked in Figure 4,a. The 
SiH spectrum is exceptionally well developed in 6 Pegasi; in fact, it was necessary to 
extrapolate combination differences in order to predict higher-level lines which were 
not observed in the laboratory but are nonetheless present in 6 Pegasi. Full details of the 
investigation are in an unpublished paper. Even the “‘satellite’’ branches have been 
found in 8 Pegasi. Doubtless there are more stellar lines due to SiH, which cannot be 
identified until higher-level lines are produced and measured in the laboratory. There 
are enough unblended lines to make SiH an excellent prospect for photometry and tem- 
perature determination. 

SiN .—The closely packed lines of the (0, 0) band at \ 4117 combine to produce a few 
weak unblended lines and contribute to others in the spectrum of 6 Pegasi. Although the 
head of the (1, 1) band is confused with SiH and the strong Fe 1 line at \ 4145 (see Fig. 
4,a), it appears to be definitely present. Other bands may be present (see Fig. 3,d). 

SrF.—Both (0, 0) heads fall where stellar absorption is due mainly to 770. The ultra- 
violet band at \ 3712 which is observed in the sun may possibly account for faint, hazy 
absorption at \ 3712.44. 

SrH.—One of the infrared heads may explain wide absorption at \ 702: 24. The other 
infrared heads, \ 7347 and \ 7508, do not appear to be responsible for any absorption in 
6 Pegasi. If SrF is present, one may expect SrH, provided that the dissociation potential 
for the latter is not too low. The writer intends to make a thorough search in the near 
future, using the rotational analysis of Watson and Frederickson.” 

SrO.—Certain bands of the blue and violet systems appear to contribute some weak 
absorption in the spectrum of 8 Pegasi. The evidence is not, however, very convincing. 

TiO.—The a- and y-systems are stronger than the 8-system. In the a-system, transi- 
tions have been found in 6 Pegasi with vibrational quantum numbers as high as (3, 6). 
In the a(0, 0) band (see Fig. 4,5), lines have been observed with rotational quantum 
numbers as high as 82. Higher levels are suspected. In the a(0, 1) band, quantum num- 
bers have been observed up to 69, while still higher values are observed in the a(1, 0) 
band. It is unfortunate that the 6-system is not yet analyzed. The y-system may be the 
strongest of all, though it is risky to compare intensities in the infrared with those in the 
green. Like the better-known a-system, the y-system utterly obliterates large portions 
of the stellar spectrum. Transitions are observed with vibrational quantum numbers as 


20 4p. J., 94, 276, 1941. 2 Phys. Rev., 39, 765, 1932. 
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high as (4, 5). Unclassified bands are present, too. There is some evidence that 7iO 
lines vary slightly in intensity from time to time in the spectrum of 8 Pegasi. The 7i0 
spectrum richly deserves more attention in the laboratory as well as in the observatory. 
The innate tripling of the leveis, unfortunately, sets a limit to the accuracy and utility 
of precise photometry. 

VO.—Very few coincidences are observed for the (0, 0) or (0, 1) bands. VO must be 
absent from the spectrum of 6 Pegasi. 

YO.—The system beginning at \ 6132 is the strongest. Other bands of YO are super- 
posed upon stronger absorption produced by ScO. 

ZrO.—The structure of the ZrO spectrum is similar to that of the 710 spectrum, but 
ZrO is far less abundant in 6 Pegasi. All three systems of ZrO are present, the relative 
intensities being about the same as for 770; that is, in the order y, a, 8. 


IV. DESCRIPTION OF TABLE 5, THE SPECTRUM OF £6 PEGASI 


All lines visible in the spectrum from A 3360 to \ 8839 were measured on at least one 
plate. The original ledger was reduced to about 9,900 lines, partly by eliminating lines 
and features which are clearly due to 770 alone in the region beyond \ 4954, where 710 
begins to dominate the spectrum. The numbers of excluded lines and features are indi- 
cated by a numeral in the first column. 


ATMOSPHERIC LINES 


The Revised Rowland Table of Solar Wave Lengths” and Mr. Babcock’s forthcoming 
list of infrared solar wave lengths give a complete list of telluric lines. Hence it was not 
considered necessary to include in Table 5 the wave lengths and intensities of the many 
telluric lines which do not appear to interfere with the true stellar lines. Sometimes the 
number of telluric lines omitted is indicated by a numeral in the first column. Because 
they often occur singly, however, much space was saved by not indicating these omis- 
sions at all. The telluric lines which had to be included because involved with true stellar 
lines are identified by the following symbols: 


Atm O, an abbreviation for lines known to belong to the O2 spectrum, not 
atomic oxygen; 

Atm wv, an abbreviation for lines known to belong to the H.O spectrum;** 

Atm, atmospheric lines whose origin is not definitely known, some of which 
may be due to O, or H.0. 


The shift in wave length due to radial velocity was at times sufficient to displace the 
stellar lines by 0.5—0.6 A. Hence, a few lines masked by telluric lines in the solar spectrum 
have been revealed in 8 Pegasi; for example, the Fe 1 line at \ 6885.77. 

First column.—Wave lengths (in I.A.), reduced to the star, are given throughout the 
spectrum to 0.01 A, though the accuracy of measurement does not warrant this practice 
in all regions. Symbols in this column have the following meanings: 


* = Region of unresolved absorption, 
: = Wave length may be in error by more than 0.05A, 
N = See note at end of table. 


Second column.—Visually estimated intensities on the following scale: 


—3 = Very faint line, barely visible on only one plate, 
—2 = Very faint line, seen on one plate, 

—1 = Very faint line, seen on several plates, 

0-2 = Faint lines, 

3-9 = Lines of moderate intensity, 


2C.E. St. John and others, Carnegie Institution of Washington Pub. No. 396; Papers of the Mount 
Wilson Observatory, Vol. 3, 1928. 
*3W. Baumann and R. Mecke, Zs. f. Phys., 81, 445, 1933. 
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10-20 = Moderately strong lines, 
21-35 = Strong lines, 
>35 = Very strong lines. 


Other symbols in second column have the following meanings: 


Em = Apparent emission line, 
BdRv = Shortward edge of a band which is degraded longward, 
BdVr = Longward edge of a band which is degraded shortward, 
w = Line is unusually wide, but not wider than 0.5A, 
W = Line is wider than 0.5A, 
? = Reality of line is questionable, or intensity is greatly in doubt. 


Third column.-—The symbols in this column represent a compromise in an effort to 
give the fullest possible information about every identification in the least space. The 
principal contributor is named first, except where contributors are judged equally ef- 
fective, in which case they are given in the order of wave length. Underlining indicates 
that a contributor is evidently responsible for more than 80 per cent of the observed 
absorption. A dash indicates that an unknown contributor is responsible for part of the 
observed absorption. The position of the dash indicates whether the unknown is acting 
on the shortward side (dash at left) or longward side (dash at right) of the line. 

Neutral elements are indicated simply by chemical symbols, while ionized elements 
are indicated by the usual Roman numerals. 

The Arabic numbers following the chemical symbol correspond to the serial number 
of a multiplet in the RMT to which a given line belongs. For lines not in the RMT, 
sources are indicated by letters which have the following meaning: 


M = Line in MIT table or original research papers; 

Ms = Line found only in original, unabridged manuscript for the RMT; 

p = Predicted line; 

Sun = Stellar line coincides with an unidentified solar line of intensity > —3 in the disk 
spectrum or a line which is strengthened in the sun-spot spectrum. A question mark here 
usually implies doubt about equivalence of solar and stellar lines, not doubt about solar identifi- 
cation. If “(Sun)” follows a chemical symbol, it is meant that the line in question has been 


observed in the sun; 
u = unclassified line or molecular band. 


Molecular contributors are indicated by appropriate chemical symbols followed by 
vibrational quantum numbers when known. (These quantum numbers have been 
omitted for all but the first line or head of an abundant molecule with many lines, such 
as TiO.) Following the vibrational quantum numbers, when a rotational analysis is 
available, is a capital letter indicating the type of branch (P, Q, or R). The symbol “‘S” 
is used for lines in satellite branches. 

For the 770 spectrum an extra symbol had to be inserted before the vibrational quan- 
tum numbers in order to distinguish between the a-, 8-, and y-systems. For the ScO and 
YO systems, Roman numerals serve a similar purpose. For other molecules it was un- 
necessary to indicate the electronic transition because all absorption observed in 
6 Pegasi involves only the ground state and a single well-known upper level.” 


The American Association of University Women provided the funds for commencing 
this study in 1939. Some of the work was completed while the author was on the staffs 
of the Princeton and Mount Wilson observatories. To Dr. Adams the writer is especially 
grateful for permission to use the finest available plates for 8 Pegasi. Finally, the writer 
is grateful to Dr. Merrill and Mr. Babcock for helpful discussions of both the astro- 
physical and the editorial aspects of this contribution. 


*4 Further information about molecular spectra may be found in Identification of Molecular Spectra, 
by Pearse and Gaydon (London: Chapman & Hall, 1941). 
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SPECTRUM OF 6 PEGASI 


Fe 25,82,135 


a Int, Ident, a Int. Ident, a Int, Ident, Int, Ident, 
26.64 6 Fe 62 54.70 2 Ti(Sunk 2 VII 6 Fell 4? 
3400 26.96: 6 Fe 26 54.90 GdII 7 3 Co 67 
00.08 27.12 12 Fe 2 55.26: 20" Co 6 4 Hi 123 
48 Ms 361 4 Cr 51 Cr 141? 
00:41 6 28. 4 sun 55.77 3 Ti 46 ZrII 58? 
00.66 Sun (28.25 12w Fe 81 56. @w Sun 7 TL 
56. 1 ZrII 46 Pa 2% 
01.87 1 V(Sunt 28.89: 6 —Ti 168 56.92 8 Co5 4 Cr 77 Gall 22 
7,42: O 6 GdaII 22 
02.47: Gw 53 46 (29.77 6 Fe 244p 6 ZrII 20 3 Fe (Sun) 
WH(O,0)P 57.81: 0 2 
109 7,09: 2 TL 46 © Co(Ms)— 
6 CriI$ 7186 (30.85 6 ZrII 11 Ti(m) |58.22: 3 Al 2 3 
03.67: -l —ZrII 59 30.78 3 Ru 8.46 3oW Ni 19 10 Ti 22 Pe 24 
03.89: 30.91 4 Zr(M) T2120 [58,96 3 58 95 35 
04.25 15 —Fe 25,301,83/31,09 -1 Ti 135p 59.19: 1 la ¥I6 co 5 
04:55: 3 Pa2 31.31 3 Cr 53 8021 (59.44 4 Fe 297 Tiu 2 2 
04.78 3 Fe 300 31.57 12 9:74 2 Fe (sun) 5 
05.09 20" Go 25 63 51.82 Fe 376,676 59.98 10s Mn It 1— 2 VII 6— 
e 6 Fe 185 
05.63 1 32.28 1 60,51 
05.84 2 Fe 299 32.41 2 ZrII 58 60.75 Pa 
06.14 3 WH(O,0)P 32.56 1 Sun? 60.97 4 DyII (Sun) 6 Ti 84 Co 68 
06.45 4 WH(O,0)P Fe676 53.06 9 Co 61.20 1 Co 162 15 VII 6 wi 17 
06.68 1 Ruse 33.56 Wi 19 Cr 52 (61.47: 12 6 
x " I 58 61.69: 17 Wi 17 
07.19 4 TAII 4 52 61.93: 3 23 3 
07,50 8 Pe 8&3 Fe 6 DyII(Sun) 3 vel 
07.80 3 DyII(Sun) 4.90 8 Rh2 62,33: 4 Fe 79 4 
08.09 2 zrII 72 36.23 <1 62.55: 1 10 Ca 10 Co 65 
08.51: 1 Sun? 35.478 7 Ni 653 Se 21 ,|62.80 13 Co 23 Fe 373 0 llop? 
08:74 §& CrII 3 SmII u |35,67 1 Cr 52 63.04 5 ZrII 90 2 Fell 4 
09:13 12 Co 23 v(sun) |35.62 1 ¢ 63.23: 8 TL BaRv? 
09.30 Wa(M) 21 5 Pe 614 “63.36: 2 Fe 48 4 121— 
09,56 15" Ni 5 36.20 6 Cr 52 63 .50 
09.85 6 TL 36.73 7 Ru 4 sms 
10:20 4 Fe 735 3 Pe 559 Ir |63.98 5 40 
> 244p 64,13: 2 Fe (Sun) ll Co 36 
. e ° 64, Ti 
11:08 1 Pe 299Cru (37.78 2 Fe 
11.36 3 Fe 301 7.98 4 Fe 614— 30 Fe 6 
11.67 1 38.25 6 ZrItl \65,.24 5 Cr 52 7 Co 20 
12.17: O sun 38.71 2 Co 87 |65.49: 3 —TIII 99 Sw TiII 6 
12:31 12 Co 28 39.02 4 Pe 209 1 |65,83: Sow Fe 6 15 Co 6 
12.65 12 Co 6 39.54 7 1120412 (66.51 4 12 
e . 
13.45 10 5 0.00 $ GaII 7 | 66.89 Fe (Sun) 
13.68 40,621 40 67.24 Ti 84 GAII 22 3 
: Fe 6 67. 
14,63: 10 Zr 17 ZrII 73 | 41.48: Cr 52 TaII u | $7186 SmII 54 be 
14.801 10 42.05 Ow Ni 104 68.15 6 9 Pe 297 
|68.45 5 Ca 10 ow 
15.53 8 Fe 83 Co5 42. Fe 26 |68.84 6 2 
15.97 1 “4 (Ms) 42.96 15 Co6 Fe 499, |69.03 5 Peels OAII 40 137 
16.46: 6 —V(Sun) 
(69.37 9 Fe 375 7 DyII (Sun) Garr 7 
16.95 2 TAII 53 | #32428 TLII 99 oj 69-64 11 8 1 iset 
Garr Co 22 Al 2 69.84 5 Fe 242 cr 109 
17,81 12 Co19 Fe 81 /|43.9 Fe 6 iw 77 10 Co 
18.16 4 577 44.357 120 
70.893 | 96 9 ZrII 1 Felse? 
x ZrII 2 Fe 576 (45,60 4 Cr 51 DyII(Sm)|72.12 6 1 
019.70 10 Fe 6 Fe 26 (72.68: —Co 160 tp Fes 
20,11 1 MH(0,0)P 15w 73.26 5 7— Rh (i 
20.50 2 MH(O,0)P 47.76 3 Cr 52 73.50 6 Fe 26 _—— 
20.45 2 (47.09 4 Pe(gunlt 73566 1 Cr 77 
46 |74,00 13w Co 4, 23 4 
21,01 -1 @o 119 48.40 5 —Fe 4 
21.25 6 PdSCrIIS (|48.83 8 Fe 242 Fe 372 26 
21.68 4 Sun? 49.15 14 Co ‘74:73: 5 Cal 
21,02 1 49.48 18" Co 22 715.43 Fe Pe 76 
22.12 1 sun 49.88 4 TL 46 166, 37 
22 . | . e 186, 373 
2 Fe 444 80.08: 0 76.42: 2 TL 85 ZrII 123 
8 
22,68 10" TAIT 65 CrII 3 50.48: 22 re 
-76 4 | 
22.87 3 Co42 Ni 122 51,09 60 
Ti 120 3 GaII \77,88 6 Te Zr 14 
78.08: O 
23.68 30 wi 20 51.65 4 "8. 
8.94 7 51.81 Peal 8 380 
15 2 
24.55 1 Col03 22 52.67 me Pe 337 
2 52.92 25w Ni 17 78. 
28.04 4 Fe 541 Vu 53.54 30w Co 22 80 Perl 4 
53. 
F158 (54,36 65 CbII 6? 6 Fe 371 7 
(79.68 1 Pe 443 136 
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TABLE 5 -- Continued 


Int, Ident, Int, Ident. Int, Ident, Int, Ident, 
3500 $0.20 ¢ Zr 82 49.55 | 76.54 ScII 3 
04.67 12 TAII 88 (30.56 11 Ti 22 Ni 121 [50,06 1 
04.87 12 TAIL 0.66 11 76.87 8 ZrII 9 
06.08 50.78 8 *23 6 DyII(Sun) 77.23 16 Wi 3 Co 41 

05.67 8 1V61 (31.44 9 Fe 182 VII 4 /50,62: -2 7 
05,93 2 TMI 31.70 11 DyII (sun) 51.09 7 Fe 32] 18.7 
06.20 Fe 327 31.85 10 Mn 18 61.40: 14 
06,52 20" Co 21 32,07 24w Mn 16 Mn 18 51,60: 14 Co 67 80.94: 25w se ba) 

06.64 14 Ti 22 32.36 4 51.94 8 ZrII 1 

06.63 4 DyII vel |52.59 8 Fe (Sun) 52.10 6 Pe 499 81.88: 7 —Fe 497 

07.16 6 sun 32,76: -1 52.42 4 "26: Fe 6 
82.42 Fe 182 82.26: Fe 612— 
“07.48 8 Tu 33.01 9 Fe 326 2°72 16 8Co6 

07.72 23 MLS 33.21 Zr 14 Fe 326 |52.85: 5 2 

07.95 4 —CeII51— [35.39 20 CoS 

08.09 1 u 3.69 7 V 53 V 53 53.26 53C 68.98 

08:51 11 Fe2so Fe 442 (54.06 2 Cell 44 53:78 Fe 810 Ti(M) | 84,36: -1 C 

08.89 2 Cr ut 4,26: -2 84.08: 2 ZrII 

09.13 10 Fe 326 34,48 6 —Fe 611 54.12 14 Fe 23 84.67: 8 a 

12 15 34.71 3 118 54.30 0 "79°17 be Fe S22 

“83 28" Co 22 TAIT 88 $4.04 12 Fe 49 DyIM(Sun)}54.48 10 Fe 325 LuII7? | 64,95: 4 Fe 611, 395 
10.34: 40w Ni 18 35,35 12 98 Cb 4 54.92 85,16 
10.63 0 5.56 3 TaIlIt— 55.15 1 V 583 ao 

10.62 8 TiII 68 35.74 13 Sell 11 55.41 Fe ®un)p? 
11.23 1 SmII 12? 36,08 7 DyII (Sun) ee 
11.62 11 TL 22, $6.22 -2 Pe 8 
Grit 2 36.56 15 Pe S26 Fe 328 Pe 325 
- Fe 3 3 
19:40 0 Cot 7:24 4 Wi 153 Cr 50 87.21 14 Co Fe 325 
12.66 $7 Co 21 37.48 8 Pe 239 is 

104 — 7.70 

04 48 57.70 8 Fe £20 Co 68 68.55 SOw Soll Fe 2 | 87.96 28 Mi 16 10 
13:91 Sow Ni 17 38.25 3 VII 4 

38:32 2 Pe 775 uf 88.60 14 Fe 325 
14.64 5 Fe 163 38.65 11 Fe 137 

15.03 3Ow Ni 19 38.76 2 Fe 59.75: 4 
38.94 3 —Cr 89 — | 89,46: 7 295 
| 89.69 27 SeII 3 VII 4 
60.10: 4 Fe S2ip 90,10 3 40 
183 60.28 Go 64 90:47 30 ScII 3 
16.56 65 Fe 326 39.75 <2 60.68: 7 
16.86 4 Ti 167 39,88 2 "88 21 Co 
16,94 6 Pal 40.12 9 Fe 329 61:19: -1 
17:30 11 VII 6 40.32: 0 
17.66 4 40.58: 2 V 45— 61.87 16 Tit 10 
17.89 -1 GaII set 40.72 25 Fe 23 61.76: 25 wi 2 
62.11 4 Co 116 92.58 4 SmII 39 NAII u 
18:66 6 Fe 327 41.22 4 Pe 47p 

_ 18:86 8 Fe 78 41.45 2 62.65: 2 i lal 

19.22 1 at 41.62 0 VII 4 
2 Go 93.48 60" Cr 
19.61 20 3 42,05 13 Fe 326 
0:06 25 Co4VII 5 (|42.55: %w Fe 
20:24 4 96 2:7 -2 V 46 18 pe 65 Oc 
20:50 2 Cell 55 42.96 7 Co 19 64.52 10 (sun) 
20,82: 5 Fe 238 zrII 1945.15: 0 64°95 30 Ti(M) | 95.28 5 Fe S 
21,01: 2 43.26 7 Co 66 65.57: 250 + 
21.20: 13w Fe 24 43.36: 6 Fe 183 66.10: Pe aa, 
$2.00: 250 Fo 66.10: 8t Zr 16 95.88 5 Pe 182 
$1.58 18 90 66.303 Ni 36 96.05 13 15 
66.80; 0 u 96.19 15 Fel8l Rhi Rué 
67.04 10 Fe 325 | 96.50 Co lle TIT 76 
22:86: 4 Fe $80 Co 169 44.62 9 Fe 239 7:70 28 Sell 
23,07: 10 Ni 4.97 1 it 68:24: 4 
wart 8.46 llw Fe 321 co 31, | 97.70 37 Mi 18 
23-791 4? Co 66 Fe 673 Fe 294 | 98,00 
St 230 10 Fe 3 8.40 26 Co 35 mm 18 9814 1 —cerr 1167 

: GaII 2 Pe 24 Mn 18 98.71 16 Ti 59 Fe 674 
25,98: 19 Fe 6 Fe 240 |46.20 4 Fe 163 70:66 3" Fe 184 6.95 6 Fo 566 Fo 328 
26.20: 19 Be 24 Fe 327 (46.38 1 
26.48 Fe 131 46.69 4 Co 41 ‘21 13 Fe 46 Fe 600 

71.85: 5 Fe 321 99.77 4 

. 2 73.40 
27.44 (47.67 12 P3600 

12 Mo 12 Fe lel Fe 611 | 00.41 2 
28,00 25 Ni 6 48.22 16 mm 16 3,20 
28.30 7 2 coal Ti 267 00,94: -2 GdaII 69 
28:59 48.66 -1 Cr u Fe 18lp? 01,19 14 13 
29,01 SOw Co 48.75 -1 Cr 76— 74:98 19 Go 21 "ee 
74.96 Go 21 or 7% 01:67 8 Cr 74 
5 6 II 6.98 10 Wi 120 02.31 19 
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TABLE 5 -- Continued 


a Int. Ident, Int 
: Ident, a Int. Ident 
3600 29,26: 2 2.11 -1 
9.45 1 co 74.41 2 
02,52 cr Fe 322 |29.73 9 74.75 22 Fe 360 
Fe 391 30,02 5 ZrII 10 Co 4 74.97: 
02:97: <1 DyTI(Sun)53,06 2 38 7146 vile 
03:17 17 Fe 295 0:72 30 va 
05.87 10 Fe 161 cr 74 31:08: Fe S22 a? 75.97 =2 
03.88 17 TI 20 Fe 496 [31,33: 12 Co 4 76.27 BdRv? 
18 TL 21 47 25 Fe 23 Crit 12/5446 
97 cr 49,89/31.75 8 CrII 12— 76.58 6 Co 145 DyII(M) 
33 GOW Cr 4Co 20 (32.04 13 Fe 496 
Fe 204 32.34 -2 6.07 4 —Fe 
° 84 5 Cr § Fer 
ZrII 65 33.10 20 YII 2 77.66 Fo 89) 
Mn 8 33.28: 1 Co 116 55.85 2 pers _g|77-84 Co 116 CriI 12? 
0 33.49 ZrII 102 Ti u 56.16: O GdII 
147 3.87 9 Fe 440 V (M) 56.24 16 
10 Fe 25 54.51 11 Fe 19 78.603 <1 
33 5 Fe 2 
09.78 0 Co 147 | 0 70:56: 3 Fe 393, 400 
°12 Fe 321 T1 58 |35.47: TE 19 or 48 
10:46 30 Mi 18 5.84 2 Fe 321 62 Bun 
36.47: 9 Zr 0.79 5 F 
68: 9 ° 24 
as 38-68: Fe 495 co G4 Fe (Sun) TL 177 
12.45 2 Rhl 37.74 me 2 Cell? Cr uf 82:10: 
12:95 12 Fe 46, 38,51 13 Fe 294 20 Pe 366, 385p 
15.86 2 39.44 8 Co 64 64.11 11 Fe 292° 
$9.58 Po 1 Rh 62:28 10 75 
14.55 5 Feu 40.10 8.70 2 Sall uf 
u 84.892 -2 
14.76 9 9 85.18: 18 14 
1819 2 18 Fe 296 Or 47 63.21 10 or 46 Fe 439 85.87 
15.41 Co 86 10 zr il watt at 
41.46 9 Gr 47 64.52: 5 Pe 391 
13 wi 6 10 
-1 7 
43.18 8 C 83 
18.78 Pe 66,80 2 —Fe 3035p 10 Fe 
18.96 7 Pe 77%p 45.85: 8 Pe 46p 6 lame 
Fe 180 44:40 17 cag 21 Ti 
44.58 1 28 
20°86 44.76 u 67,99 7 Fe 458 569 «180-88 570 
. 
20.48 Go 116 45,03 9 Fe323,495 Cad 68,20 3 Gort 46 
21:20 6 5,29: 13 SeII 2 00: Fe (un) 
$1.80 /45.40: 12 16 66.65 1 
21.72 65 Fe 45. 6:98 20 T1 18 18 
838 9 18 92 
23:16 14 Fe 1 6:21 22 Tlecarre2 
$5.16 14 Foleo [46.61 Sun 93.07 llw Fe 439 Co 97 
23:79: 10 im 8 Fe 708 70,06 11 Fe 369 7 Fe 46 
64 20 Co4 95.96 2 
24.35 Fe 133 Fe 1538mII 12 |94.43 8 Ti 117 
Sun 49:50 12 SmIT 47 71.08 95.62 ‘ Fe 228 707 
26.09 21 20 49.70: -2 Fe 72.16 95,62" 0 Sun 
98.55 (M 49,84: O Sun 72.31 3 5.86 20 V 29 
26.75 2 F } 50,05 7 Fe 5% 72.42 st 96,08: 1 Fe 128 
Fe (Sun)pt (50.29 10 Fe 160 Fe is Mi 74pt 
27:37 Fe 300, Fe ten 96.58 im 24 
3667" aie 51:28 2 Coes. 
Ir9 51,46 89: 1 
28.80: 5 Fe 46 11 Feo 296 74,05 7.82 8 Cb 3 
‘18 8 ZrII 71 Ti 222 


TABLE 5 -- Continued 


Int. Ident, Int. Ident, » Int, Ident, Int. Ident, 
3600 24.38 16 Fe 124 54,51 7 Fe 386 79.46 9 Fe 74 Fe 222 
24.58 10 Ti 131 4.86: 0 79.71 0 
96.41 1 Ti (mM) 24.91 14 EulI 2 SmII 5 |55,04: -1 paRv? 
93.62 11 Fe 491 25.16 14 Ti 83 5.25 1 (Mu)? 80.37 3 19 
9 99,00 3 Co 145 25.60 5 Fe 534 55.43 3 Co 96 80.52 6 Zr 8B 
99.14 7 Fe 490 25.69: -1 Fe 75pt— 55.60: 0 80,73 4 —SmII u 
99.50 2 V 70— 26,23 9 Cbs 55,73: -2 V 124 80.98 4 SmII 38— 
99,74 §& GdaII 20— 26.66 2 Co 40 55,89 <2 81.18 7 Fe 74 
26.92 14 Ru 2 Fe 385 |56,07 10 Fe 7 81.38 3 V 10, 97 
SS 27,09 4 Fe 387 56,38 O SmII 44 81.58 1 Mo Bt 
27.36: VII 21 56.56: 0 81.72 1 
00.04 6 Tiu 27.63: 32 Fe 21 56.94 5 —Fe 805— 81.92 2 Fe 917? 
00:25 65 TmII 6 28,03 15w Ru 2 Fe 386 «=|57,14 2 43 82.12 5 Ti 62 
00,42: O Warr u 7.38 5 DyII(Sm)Fe668 | 82,17: 1 Os 3? 
00,60: 1 Sun /28.45 2 SmII 54 57,70 6§& 82.44 Fe 388 
00.70 3 Cell 47 58,00 5 Cr 43 82.59 3S Fe 491 
00.90 10 Rh2 28,68 6 Ti 116 Fe 227 |58,26: Sow Fe 21 82,83: <1 
01.10 14 Fe 385 28,91: 1 8.55 4 V (M) 83,04 3 SmII (M)? 
01.35 3 TmII 2 29,01: 2 V (M) 58.71 7 Cr 12 83.23 2 Ca (M)? 
01,52 2 Ti (Sun)? 29,28 68.99 © GdaII 2 83.54 20w Ni 30 
01.75 «5 7 29.40 -1 59.30: 23 T1II 15 84,02 0 
02,02 8 9 29.53 5 ErII (mM)? 59.54 2 3 4 
02.28 12 Ti 83 Co 145 |29.82 25w Ti 17 9.85: 1 84.46 0 
02:50 10 Fe 46, 75 30,18 O V (M) 60.03 12 Fe l77Ru2 | 84,66 7 V (M) 
02.64 6 —¥ 30.43 13 FeS33co62Ru2 60,21: -1 21 84.84 2 Lall 
02.97 8 MT 132 30.58: 1 PrII (M)? 0:54 12 Fe 76 85,07 0 
03.19 30,77 21 Cr 2 Ni 2 60.75: 1 SmII 18— 85.43 O 45? 
03.55: 19 V2eFe291,202 |30.94 4 Fe 61.27 14 85.72 4 608 
03,65: 11 —Fe 389 31.24 6 SmII 11 61.44 ll Fe 227 v 97 85,98: 12 Fe 177 Ti 57: 
03.84 7 Fe 369 — ZrII 112 61.70 -1 Ca 8? 86,15: 12 Fe 367 DyII(sun) 
04,06 14 Co 35 Fe 495 |31.38 5 Fe 225 61.92 4 TmII 2 86.29 7 Ti 165 
04.28 117 1.72 0 62.24 Sw Fe 705 Ti (M)/ 86, sun 
04.45 Fe 290 32,03 23 62.62: 2 Wi ut 86,68 20 Fe 22 
04,70 21 V 29 32.41 16 Fe 76 Co 62 : Vv 98? 86.82 3 
05,04 15 V 29 32,62 63.37 7 24— 87.07 Cbs 
05.59: 40w Fe 5 32.75 4 VII 63.70 12 Ps 
7 3 35,05 4 PriI |63,82: 25 Fe 21 87.61 8 V 
06.20 6 TLII 73 i 64,12: 1 CelII 42 87,90 3Ow Pe 21 
06.35: 0 . TM 166 Co 96 |64.38 3 Zr 10 88.45 4 DyII(sun) 
06.61: 1 zr (M) 34.87: SOW Fe 21 64.52: <1 88.69 10 YII 7 
06.73: 1 SmII 47? : Pe 368 Ti u | 64.71: -1 88,80 10 Ti 16 cr 139 
07.04 14 Fe 385, 392 (35.8 8 Co 95 65.08: 3 Rh (M) 89.17 6 Fe 
07.33: 3 6.8 12 Wi 30 65.15: © TbII (M)t 89.28: 3 Ti 115 
07.48 6 Co 96 T1177 (37.15: 40" Fe 5 65.54 ll Fe 89.46: O Fe (Sun)— 
07.85 45 Fe 5 Fe 76 . 65.72 O Fe 608 89.59: O Fe 226 
08:20: 0 Fe 228p 38.31 5 Fe 609 65.89 <1 89.75 8 Cr 24 
06:41 1 5 38.76 O V 97 6.11 5 Fe 226 208 21 Pe 22 
08,63 7 28 Wie Fe75 Fe74 |66.44 7 Ti 82 90.31: 15 V 28 im 
08.86 2 Co 98 9.52 5 66.70 6& Zr 10 Fe 386 | 90.49 6 Cr 139 Ru (x) 
09.30 Sow Fe 21 2rII 45 |39,79 8 Cb 3 Ni 180 |66,95 3 —zr (M)?— | 90.77 10 Fe 73, 
09.66 8 Fe 225 306 2 Fe 532a 67.22 25 Fe 21 91.18 8 C2 
09.97 14 TL 83 CeII 40 |40,.23 7 Fe 667 67.65 8 Cr 42— 91.36 9 Crils9zré8 
10,28 16 YII7 40,68: -1 67.75 SmII u? 1.50 4 Fe 
10.85: -1 SmII 19 40.81 0 67,94: -1 ZrII 3l— 91.73: O Fe 703? 
11.23 14 Fe 228 41,06 27 1117 68.06 9 Fe 75 Cr 42 | 91.82 4 
11.40 9 Fe 494 41.45 1 —vV 126 68,22 4 Pe S68 Cr 43 | 92.14 65 Fe 287 Cr 139 
11.64: 0 Co 63 41.65 6 TAII 72 2 92.34: 19 wi 
11.94: O ZrII 8 41.82: 0 68.72 6 Cr 43 92,65 -1 
12.15 5 —Co 84 ~37}42:07 2 Fe 225 69.04 2 V (M) Cr 42 | 92,82 6 Fe 7% 
12:44 0 <9|42.30: Ru 2 69,42: 2 4t 92.92 0 
12:73 7 GaII 20— 42.36: 4 CdS 69.67 6 93.20 3 Cr 139 Fe 368 
13.00 14 3 CrIr 12 |42.61 7 Fe 387 69.98 7 Fe 93.60 21 
13.32 2 7 Or 43 70.30 6 Fe 137 3€7 Cr 139 
13.54 6 LalI 43.38: Fe 21 Fe 806 | 70.42: 5 Fe 93.98: 2 SmII 11 
13.71 6 T1116 Ni 74 |43,.58 10 43 0.55 3 V (M) 94.33 10 Fe 177 
13:95 11 Vill 43.87 8 Cr 43 70.73 -1 GdIIu 94.64: 1 Or 139 
14.13 4 zr le SmII 18, 34 |70.96 $3 VII 2l 95,02 30 Fe 21 
14:36: -1 —cr 2697 44.10 Fe 385 «2 6 —Fe (Sun) 
14,53: 44.50 4 Cr 43 71,66 17 95.76 3 
14.79 9 zrII 45,01 0 72,06 1 ZrII 31 95.88 6 TL 115 
e 249: 5 Co 34 72,94 VII 100% 
15.48 7 VII 16 45.97: 40" 5 73.35 8 Fe 551 4 
15.66: 0 6.48 4 Fe 73 73.69 6 386 6:84 7 —?irr 12 
15,63: 3 Ti 116 46.94 6 Fe 386 74,07: -2 PriII (mM)? 97.11 6& —Cr 139 
15.91 8 Fe 124 47.24: 0 74,35 18 YII 77116 | 97.50 9 Fe 607 
16,16 -1 6 YII8 74.63 6 I 12 Co 96| 97,69 8 Cr 139 
16,42 16 Fe 388 CeII 40/48.28 40 Fe 5 4.83 9 Fe 94 «64 Fe 222 
16,77: Fe 805? Cr45? | 75.16 1 V 97 98,11: 2 Cbs 
16.97: Ow —ZrII 82? 49,04 2lw Wil FeSe6cr43 |75.57 28 Hi 33 98.26 10w Ti 115 
17.25: 9 Ti 116 49.50: Sow Fe 21 5.84 2 Fe 98.55 26w Fe 21 
17.40 30 7117 49.95: 2 Co 95 76.07 4 TLII 72 98.90 9 Rul 
17.95: Sw Tm (u)t— 50.32: 2 27 76.47 9 Fe 7% 99.22: 5 mé 
16,17: 2 CeII 53 VII 21|50,64: ZrII 18 Pe2z5 |76.64 9 YII8 M6 (99.37 207 Ru l BhS 
207 Fe 202 CeII 37 60.89 6.86 -1 V (m) 199.55 26 Fe 21 
Fe 667%/ 77,1 
77.57 3 Ru 
21.35 7 VllFe75Fel31 (52.44 7 ¥Fess5,392 |77.87 -2 cr 
e Fe 177 78 
22.56 Fe5 Ti17 Nile [53.33 4 Ca 27 Fe 664 00:30 at 
23.60 mall 63.65 Ti 17 Fe 73 78.69 18 V 28 Fe 73 in 00.62 gun 
24,00: 2 MI 73 54.29: -2 
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TABLE 5-- Continued 


a Int, Ident, a Int 
Int. Ident. a Int. Ident, 
33 (53.14: 2 Cell 
Orbis 1 Cert 172 26.61 4 Fe ges [53.71 9 176 78.001 Pe 4 
01.66 5 Fe 367 45 4200 0 CM(1,1)? Vv ut 175 
01.81 5 Fe 367 189 54.21 7 Cr 69 SmIIu |79.20 46 CN(O cra 
02.27 6 Fe 666 33 3 54.86: -1 ON(1,1)? 
02:50: 0 *72 10 M6 Fe 221 (55.35 19 V7 Feito |80,35 CN(0,0)P 
02°91 10 ob 3 Vv 67 o —Cru 5.57 1 2 
Fel $0.29 3 SalI 10 + 
03.47 17 V 28 eH 9 Sun 56.37 50w Fe 4 ' 8 SmII 10 
03:89: 12 V 10 ON(1,1)? =2 
Pe 19 38.08 16 Nil yYII7 58.90 4 Gr 138 8 Ti 175 
05.77 2 Co (M 59.21 8 Fe 175 on 
$3.31 5 Fe 221 59.91 60" Fe 4 Fe 
06.21 5 Fe 731 33.6 5 crill 60.34: 1 rea CN(0,0)P? 
“06:52 8 Cr 24 TA me 60.511 0 
06,72: 14 Mn 6 Fe 34.25 CN(1,1 83,17 
07.15 30 Ni 33 cH(0,0 
07.52 15 P 61.16 11 Co 33 e 6 
90 2 Crils 1 Fe 663 
08:09 14 Co 5 Fe 664 62,03 0 SmII 10 
08.27 2 Fe 469 10 Fe 262 
06:51 14 V u |62,54 4 Cr (Mm)? 
08:73 5 20— 62.83 11 Ti 1l Co 32 Fe 565 
09,04 6 Foe 367 ae 7 Fe 222 63.08: 0 181 ey 21 Cr 23 Co 31 
9,61 20 6 Fe 
(u)? 10 63.88 7 Zr 8 V 66 
$8.98 10 y 44 28 |64:10 12 He 
10,15: -1 8 Fe 529 64.32 3 Zr 10 V 64 vere 28m Fe 20 
10.29 2 sun 30:77" 1 v (M) 64.49 0 O NaII 31? 
10.45 3 pre 10 Mn 6 64.67 O CN(1,1)P 88°39 4 Ti 175 
10,64 5 —Mm (M)? 40°45 64.87 19 V7 88.51 Fe 
8 287 on 26m Fe 45 Mn 6 65,55: 30 5 
11,28 13 Ni 15 41.52 DyI1(sun) 6 89.28 4 (M) 
11:40: 3 165 41.62 26.46 10 298 17 
11.61: -1 2 Ti (mM)? 66.78: 2 VII1 | 1 15 CeII 50 
11,80: 3 Fe 70lpt 42/08 17 Go. cu(0,0)R | 90.20: 
11,88 6 Fe 287 2°38 Co 335 Cr 70 6.96 -1 CN(1,1)P “56 ow 8 Fe 567 
12:06 © SmiII 3 67,22 8 Fe 468 90.55 2 tall 2 
12.44 2 Co 7,73: 1 Ti 176 91.07: 18 Vu Bort af 
12,80 -l Fe Fe 221/67.95 7 Fe 221 -l Vv 
12:98 32 Fe 22 10 ZrII 7 8.22 1 Fe 430 12 2r ll 
13.26 O Ti 189 43°50 Fe 528 68.40 10 Ti 1/5 91.93 Ball 4 
45.87: -1 92.45 0 V (mM)? 
3 Fe(Sun 59 15 Fe 264 
P ° 4 
17.35: 1 7.08 4 V 66 8 1 NaII 29 
Fe la 
18,25 v9 71.79 2 I 18 
18,67: O Sunt 47°34 Zr 10 Fe 176 |72.40 5 (m)? 12 (m)? 
Cr 7 1 eII 168? 
19.96 vo Bull 1 0.08 6 2 72.95: 2 oon 96,98: 4 
20,19: low —V 44 10 =Fe 73.12 Co 18 Ti 176 
y aw 3 NdAII u Cell 36/73.76 7 Fe 175 5 Fe 429 
21:11 9 608 42.74 6 Tu 73:06 21 Co 8 Fe 120 Sow re 
22,01 15 V9 Ti 189 S Vu cr 158 74,51 4 Sun 13 Co 58 
22.23: -2 Fh 10.86 10 Cr 24 CM(0,0)Pt 202: 6 175 
3 25 15 4T 
88 18 28 50.88: Po $8 Co 17 we 
33.20 16 28 51.75 V 44 75,85 10 V7 Ca 26 soc 
3.49 17 ims cr 2 62.75 I 35 Co 128|76,02: 13 Fe 22 oe 
72 Sit 6.12: 18 V6 4 NAIIu 
10 mé 2.21 ll Cr 2 76.76 00,55 13 34 Zr 6 
24,09 “Ow Pe 224 7 2— 2 Os (mM)? 00,95: 19 
Fe 4 82.60 10 Fe 75 Cr 11 01.221 Ru (mu)? 
25/27 2 Pell -1 IIu 77.27: Ow 1.66: -1 
i 53,06 6 T1176DyII(Sun)|77.64: 2 
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Int. Ident, Int, Ident. Int, Ident. Int. Ident, 
3900 29.88 15w Ti 13 68,76 Em CaII 1 98.65 40 Ti 12 
30,29 42 Fe 4 70.4 Em? Hl? 98,98: 1] ZrII 16 
o2.51: 3 30.45: 3S Bull 5 72.18 12 Wi 29 le] 99.34 l3w Ti 186 Cell 57 
02.90: 25 Pes5cr23Mol (30.86 6 a Ow Ca 41 99,60: -1 Cr u? 
03.16: 16 Cr 23 1.28 Sw —V 90? 72,93 Ow Fe 803 99,87.__ 
03.44 «1 SmIIu 31.60 6w 73.62 SOw Ni 31 Ca 6 
03,68 11 Fe 429 33.52 Em CalI 1 74.74 16 Co 18 Fe 72 ~t4000 
04.08: 33.520 45 CaII 1 75.24 Fel 00,07 4 Fe 360 V(M)? 
04,23: -2 vim 33.95 Em Call 75,84 Fe 977% 00.23 6 Fe 556 
04.51 -2 V(M)? Ti 15 ZrII 7 76,26 O SmII 9 00.48 17 DyII(Sun) 
04.80 16 Ti 56 365,94 Em? 6.44 1 SmII 33 Fe 426 
05.06: | 38.03 Em? 76.66 8 Cr 38 00,88: 0 
06.24 (| 40.89 22 Fe 20Col8 | 76.84 00,95: 
(05.53 15 Sis 41.24 —Fe 562 ToII(M) 01.2 OW Sun GdII 
(05.68 6 MNdIIu 41.50 12 Cr 23 27/77,30 lw Zr 46 01.5 
(06.32: Co 17 41.75 22 Col 77.76 19 Fe 72 01,65 16 Fe 72 
06,51 S2 Fe 2.44 6 Fe 364 78.26 Zr(M)? 02,0 -1 
06.76 8 Fe666 V42,45 | 42,78: 1 CeII 57? 78.48 O Fe 361 02.26 19 V7 
106.91: -2 2,95: 0 8.68 18 Col? Cr 67 /|02,49 12 Ti 188 
‘07,12 13 Bull 5— 43.36 6 Fe 72 79,02 -1 02,66: 3 Fe 320 
‘07.49 19 Se 8 Fe 284 | 43,69: 5 V 42 79.19 O 61 02.91 6 VII 9 
07.70: 2 Fe(M)t— 44,02 3OW Al 1 79.53 25 CoS 03.12 «3 
07 98 10 Fe 280 44.34 79.06 1 Fe 561 03.44: 2 
4. un Cr 67 v(m)? 
08.43 9 CeII 65 PrII_12 Pe 361 79,98 -1 My Fe 728 
08.76 18 44.92 0 Fe 430 80.49 0 04,02 8 u 
09,01: <1 45.10 1 Fe 280 0.65 65 Fe 153 04.3 -1 
09.22 21 45.34 11 Co 29 80.85 2 Ti 04,68: 2 
09.66 2 Fe 565 45.71 O 81.10 O Fe 22 04.85: 10 Fe 601— 
09.85 5 364 45.98 2 Cr 134? 81.22 9 Cr 67 04.99: 10 Fe 486, 557 
09.93 207 Co3V7,65 | 46.20 7 Ni lp 226 37 Fe 43 
10.06: 6.46 0 81.78 35 TL 12 Fe 278 | 05.47: 8 Fe 219p 
Fe 562p? 46.63 1 Co 60 82,06 10 PrIT28 | 06.68 9 VII 32 
10.80 11 V 42 47.05 7 Fe 561— 62.51 35 T111¥II6 |05.95 9 Ti 187 
10.92 2 47.57 3 fe 153 82,86 -1 06.14 +1 Niu? 
11.18 7 T1175 u| 47.57 3 Fe 361,426— | 83,12 4 | 06:30 10 Fe 603 
11.40 2 T1176 47.78 22 Ti lé 83.35 4 Fe 485 06.58 9 Fe 488 
11.76: 4 Fe 664 48.09 6 Fe662 SmII 9 | 83,62 3 DyII(Sun) 06.73 5 Fe 320 
.84 16 808 48.31 0 Fe 561p? 83.92 20 Cr 38 Fe 277 |06.99 O sun 
11.96 6 Cru 48.72 24 TL 13 Pe 604 | 64,34 11 Cr 38 T1188 |07,26 14 Fe 277 Ti 187 
12,21 12 V 42,45 48.91 11 Caé 64.72 6 —ZrII 7 07.44 u 
12.39: O CeII 60 49.11 4 LaII 41 84.93 3 Fe 56l1p? 07.74 
12.57 3 TL 175 49.46 Ow PriI 16 22 S$ —Tiu 08,00 16 Ti 187 
12.94 24 Hi 15 V 42 49.94 15 Fe 72 85.37: 15 —Fe 661 08.13 4 VII 32 
13.44 12 I 34 60.35 11 YII 6 68 4 Ti 188 377 «16 W 6? Pril 28 
.64 12 Fe 120 50.56: -2 85.92 0 08.93 35 2 
13,92: <2 12 Fe 655 09.2 
14,34 22 T1 15 Fe 567 | 51.15 10 WaII 19 Fe661| 86,32: O Fe 560p? 266 35 Till Fe 72 
1.68 0 YII 16 275 14 Mg 17 0.15 3 Fe 915 
14,51: 51.80 -2 87,13 16 Co 16 19 /10.41: 2 
26076 17 Ti 16 51.99 2 1 87.59 1 0.55: 2 sun 
206: 18: 260 11 TAIT 121 
15.18: -2 ©/ 52:50: 11 Co 16 87,80 0 10192 
15.45: -2 52.38: 2 Cr 136 87,98 11 Yb 2 11.09 13 Co2 
15,59: <1 (mu)? 52.61 5 Fe 278 11.38 9 Fe 216 
.88 16 15 Cr 62.70 4 Fe 362 88.50 10 LaII 40 11.50: 12 T4110 
16.24 14 Cr 23 62.92 15 Co 28 68.66 2 46 11.72 7 Fe 153 
16.38: -2 3. 3 Pe 430 Cr 136| 88,81 3 V 89 11.93 -1 Fe 424p 
16.71 4 Fe 606 53,52 2 II 9.04 6 ScII 8 12.24 10 NaII 10 
17,03 <1 53. 3 3 89,28: 3 6 12:40 16 TAIT 11 
17,20 22w Fe 20 54, wi(Sun)t 89.56: 15 Ti 81 12.74 12 T1 186 NAII u 
17.57: 2 Cr 137 54.71 2 89.75 3O Ti 12 13.07 2 
17.91: 0 65.14 0 89.68: 7 Fe 768 13.24 5 Ti 1866p 
18.07: 0 4 Fe 562 90,26: 17 Ti 188 Co 14 Ti 187 Fe 557 
18.34 1l2w Fe 124 Fe 364 | 55,64 -1 ~ Fe 527 13:87 Fe 486 Co 58 
‘ 6 Fe 450 55.95 3 Fe 488 90.57 12 V 89 14.26 5 Pe 426, 427 
19.17 22 Cr 23 56.54 SOw Ti 13 90,86: -1 14,51 16 SeII 8 Fe 802 
19,58: 1 56.68 9 Fe 278 91.12 14 Cr 38 ZrII 30 |14,70: 2 Cr 268 
19.79: 1 Ti 150 57.06 13 Ca 6 Fe 562 91.50: 1 Co 173? 14,90: & —CeII 
20,27 3Sw Fe 4 57,59: 269 17 Co 17 Cr 38 15,07 
21.02 15 Cr 57,60: -1 Fe 564 NaII 19 15.37 11 Ti 185 
21.42 22 Ti 14 57,69: -1 GdII 19 91.99 6& Cos 15.60 6 Sun 
21.61: 4 zr 8 67,98 15 Co 18 92,08: -1 Or 38 15.90: -1 
21.90: 4 V 42 58,21 Sow 34 25 16| 92.37 4 Fe 604 16.26 8 Ti 186 
22,09: -1 Fe 153p 668.88 0 7 92, 0 6.44 8 Fe 560 
22.42 10 V 42 59.24 <1 92,82 13 V 89 Cr 67 16,51: O Fe 277 
22.70; O Fe 420p 59.48 -2 93,02 <1 16.76: -2 
2941 400 Fe 80.44 95.28 SmII 4 1 | 16,96: 
: sun 7 
24.561 25 TL 15 Fe Sw Ti 286 Cert 19/17 
61,50 40" Al 1 4,06 léw Fe 526 GAII 49/17.76 10 Ti 185 
25.23 10 V8 Fe 667 8un Cr 67 109 22 m6 
26.46: -1 BrII 11% 62.87 20 Ti 12 94.57 18 Co 17 * |16.24: 12 Fe 560 
é 364 65,26 -1 10 Ti 168 u (18,81 6 —NAII 19— 
25.95 11 Re 364 Fe 562 | 63.43 0 Fe 654p? 94.82: 7 PrII 11 V(M)? |16.05 8 Fe 219 
30 0 292 63,69 12 38 95,31 24" Co 49 9.28 14 Co 16 
26,56: -1 635,98 <5 95.74 9 LalII 27 19.81 3 
27,11: wWaII(M)? 64.29 23 12 95.99 12 Fe 44 SmII 16 Fe 556p 
27.561 64,59 0 Fe S61— 96.87 Ow S¢1p— 20.40 52 S07 
80 7 
28:51: -1 SmII 17? 66,10 10 Fe 46 96.07: 7 Fe 
12 or 66.42 97,12: 7 VII 9 21.33 6 WNAII 36 
29.10 1 Fe x Em? 97.42 18 Fe 278 21.60 8 Fe 120, 587 
a a a | 27? 68,12 Em CaII 1 97,88: 18 Co 32 21,61 18 Ti 185 Fe 278 
68.28 40 CaII 96,01: 14 Fe 276 22.19 Ow Sun? Ru(M)? 
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A Int, ‘Ident 
a Int. Ident. Int. Ident, Int. Ident. 
47,20: 
4000 47.20: 12 KS smII16 [69.021 Fe $67 93.60 10 Wil 
Fe 556, 654 4.24 
SmII 4 “70: 4 
3 ZrII 54 95,71 
e 0 5 6. 
24,96: 11 46 80.80 10 ar 7-14 96.40: * Sif SiH (0,0)R 
25.16 15 TAII 121 50.65 5 Fe(Sun)? 96.72 10 SiK u 81H(0,0)R 
25.43 2 Cr 37 6.97: 11 Fe 
9 66 74.76 12 Fe S24 7.45 5 
+163 97.65 5 Crd 
. ° 8 ¢ 
27:45 3 Tiu Sm 62.69 10 Fe 5 81 (0,0)R 
27.66 2 Sun e 524 Fe 557p| 75.66: 1 I 14 98.40 8 —Prii(M)t 
27.94: O Sun 75.85 9 Cell 206 98.56 14 Ca 26 
(Sun 
41 
50,07; 3 Zr 46 Sail: 9 Pe 698 Fe 698 16 
30:18 10° Fe 72 55.03: 20 36 16 7 41 00,20 9 SiH(0,0)R 
50:71: SOF r46re218 |77.66 40w Brii 1 00:38 8 
51.28: 7 Fe 486 2rII 42 55.65: 5 2r S20p? 
86.65: Zr(M)? 78:35 16 Pe2l7 GaII 15 |00,73 24 Pe 16 Pr 
Ti 185 40 56,00 2 Fe 914 78.51 19 1160” core sia. 
II u 
32.22: O Ru(M 2 —AlH(1,0)P,Q? 
86.57 8 Fe S20 Pri 26|79.02 3 siH(0,0sst A 
$2.62 15 Fe 44 57.13: 6 V 121 18 01.05 10 Sifu 
e Ni 89 Fe 359 02.56 4 81H(0,0)R 
33.90 6 208 cr 36 57.63: 5 TH 02.70: -2 W 
006: -1 Cr(M)? 
zr 46 Cell 4 
86.58 5 Co 81.44 2 AIB(1,0)Q? 26 
66,073 
36.75 6 VII 9 15 Co 2 Mn 29 81.98: 1 AlH(1,0)P? 18 81H (0, Sun 
2.40 30 So 6 Ti 60 
NaII 31 CeII 60— 
61.09 14 NaIT 10 Fe(sn) | 84.60 06.60 9 SmII(x) 
38.78 7 Sun Mn(M)? 5,00 ll Fe 366 6s 
61.52 zr (M) (88:29 16 Fe yjoriso 13 
29, 5 | , 
62.45 18 Fe 359 (85.99 2 Bo(M) ? 
40.09 2 Fe(sun)t 86,51 17 Co 58 08.15 11 S1H(0,0)R 
an 63,21: 14w Co 18 |86.67 16 LaII 10 S0(M)%06,40 2 Cr 66° 
ms 64,50 19 Bees saz 24, 09.45 18 
“3 Sart 2 4.50 19 24,35/87.68 
41.91: 0 Fe 602 cr 36 Pe 698 796 
‘ 5 36 5°59 87206 2 AlH(1,0)Q? 09.74 32 V 27 
“2 207 88,20 16 Co 2 Fe 357 
42.64 14w 4 Corr 140 68.55 6 Fe 906 6 
Salt 9 66 66.37 17 Co 30 10.32 0 Cell 29 
0 66.58 8 Fe 424 89,19 11 Fe 422 
43:03 11 Pe 276, 567 67138: 1 2 0186 26 Val Zrii 29° [31°39 14 
Fe on 2 90,98 10 Fe 696 (Sum) 
67.75 ViM) 91.56 9 Pe 357 Ay 
44.60 14 Fe 359 zr 46 68,08: 7 Mn 5 Fe 559 91,94 10 V 52 ne 
44.80: 6— 6 92.96: 7 Salt} 12.18 
8.07: 42? 92:37 20 Coa vse “> 
8.68: 3 TL 254 93°14. 12,73 30 Ti 9 $18(0,0 
Cr 36 Cr 36 68.88 7 =Cell 12°02 6 =¥e li 8 
15,24 1 
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A Int. Ident, Int. Int, Ident, Int, Ident. 
34.17 12 $1H(0,0 52.16 25 Fe 18 69,51 8 S4H(0,0)s 
4100 34.35 52.33 9 So 20 SmII 24 
13.61 21 52 16 Fe 357 52,56 19 Cb1 u |69.82 11 §4H(0,0)P 
13.85 9 =SmII 16 34,90 7 S1H(0,0)Q zr(M)? Pe 693 
14,12 10 $1H(0,0)R 35.04 O Mn(Sun)? 52.77: -1 78 70,00 6 $1H(0,0)P 
14.48 15 Pe 36 8:28 11 Rh(w)t warr | 92.961 8 SiH(0,0)s 70.21 Gr 276 
14,92 4 Pe 696 313415 V2. 70:68 6 
16.19 25 V 27 5.71 15 $1(0,0)Q zr50| 53.62 5 Zr(Sun) 70.91 15 Fe 482 
16:50 10 =—SiH(0,0)R /35.90 53.86 20 Cr 35 Fe 695 | 71,03 16 Ti 206 
15.68: 2 $1H(0,0SR 6.08 6 V(Sun 4.10 6 Pe 694 $29 2 V(M) SiH u 
15.82 8 Si1H(0,0)R 36.36 17 V 26 54.51 18 Fe 356 71.45: 3 zr(M)? 
16.23 7 siB(0,0)s $6.52 16 SiH(0,0)Q 54.82 16 Pe 694 SiH | 71,63 SiH(0,0)P 
38.80 ™ Fe 694 72.06 al Fe 64! 
16.94 Pe “36.90 4 222 85440: “1 72.75 35 Pele 
356 
NAII 1 618(1,1)R 
. un 3.94 24 
18,85 20" Fe 801 Fril 8| 38.34 S1H(0,0)@ 56.45 3 693 74.11 18 Tt 55 
8.44 8 $81H(0,0)Q 56.64 10 SiH u Fe 419 $1N(2,2)R? 
18.81 50 28 Fe 569 | 38.65 0 56,90 16 Fe 354° | 74.46: TH 220 Fe 799 
19.43 15 SiH(0,0)R w1|39.05 2 57,22 8 (0,0)5 
18.64: 7 SiH(0,0)8 9:23 4 V(M) 57.75 18 Pe 695 5.3 SiH(0, 0)P,8 
sin(0,0)R 39.41 12 S1H(0,0)? 75.62 17 
u NdII 39 
20,01 1 253 39.53 58, 
20,21 13 $18(0,0)R 30:70 lew "38 iz 
— 20, 20 $1H(0,0)P 76.57 11 Pe 696 
40.46 14 Pe 694, 605 69.00 9 —CeIt 246% | 76.79 12 V6 
0,0) 7,05 6 Fe 690 V(Sun) 
21.56 sow 40.72 7 $1H(0,0)Q 59.40: 6 77.34 11 Ti 163 10 
oon ™ Pd(M) [77059 52 Fe 18 Co 2 
21.83 11 Fe 356 Cr 108 41.51 4 DyII(u)? 60.18: 4 $18(0,0)8 
22,93: 1.81 14 8$48(0,0)Q 60.36 10 V(sun)t 78.05 Fe(Sun)? 
22.15 6 65 Ti 2967/42,01 13 60.78: 1 78.22 5 
22,52: SiN(0,0)R 42.26: 6 S$1H(0;0)Q 60,87: 4 SiH u 78.41 5 
22.52 10 Fe 2:42 5 761.08: 6 Fe 689 
22:72 11 81H(0, 42:60 12 61.20: 8 ZrII 42 78,58: 81H(0,0)P 
23.02 8 /42.85 16 § | 61-58 3h 78,86: 2 —Fell 
23.22 10 Vlas) 10 $1H(0,0)Q’P 61.51 14 TLII 21 Fes22 | 78.99: 1 Sim(2,2)Pt 
Ti 255 Prir 4 |61.62: 5 $1H(0,0)Qp? | 79.27 cr 179, 
Fe S17, 438° DyII(Sun) 61.84 7 SriI 3 + Co 144? 
wis in eae 43.41 14 Fe 5 2.05 12 SiH(0,0)P 79.39 25 V 25 
26:85: 3 sen $1H(0,0)P 79.54 8 19 
24.752 1 Lu St 43:69 tee 2:69 4 GaII 17 Sin(2,2)Pt 
95°39: 0 YII 14 44.14 6 S1H(0,0)Q Ru 7 | 62.96 1 Fe 476a p 80.45 12 Ti 206 
44:33 7 SiH u 3,05 11 Ho(M)? 80.86 7 T4(M) 
18 5 
26.16 15 Fe 695 cr 65 /45.26 14 S1H(0,0)a oa: o 105? 
. Pe 274 3 2.22 3 
26.87 8 Fe 356 cr ut |45.70 12 SiH(0,0)9 64.15 15 FrII 8 Ti 165 82.36 8 Pe 
27.36 2 Cell 4 cr 35 |46.04 12 64.39: 2 (0,08 Fe 604 
18 Fe 357 Ti 296/46.21 13  Sin(0,0)9 64,67 21 Cb 1 mi |83.01 3 Fe 697 
83.41: 3 VII 37_ 
Cr 107 —|65,06 10 S4N(1,1)P-head| 83°68: 4 
28°61: 1 65.20 15 S1H(0,0)P 83,74 5 SmII 4 
28.90 14 SiH (0.038 65.39 10 6 SiH(1,1)@ 
4 12 Gall 15 
12 
7.6 Fe 42 84.42 5 —Cb(M)? Ni 89 
29.42 7 DyII(Sun) Six os os — 
sous 42.60 6 66.52 12 Ti 165 85.35 8 —Cr 106— 
30,60: 17 Co 16 Bali 449.38 15 Fe oo 66.84: 2 $1H(0,0 
28 49,78 30 Fe Sp’SmiI ~| 67.26 19w Mg 15'S1E(0,0)P 36-61 
~ 31. 49:92 4 =Cell 158.1897| 67.52 14 Y 7 S1H(1,1)R | 87. 
52 1 [04 18 Fe 152 
{0, $0.72 7 87.81 19 Fe 152 
42 13 $1H(0,0)P 88,12 3 SmII 50 
33.12 81.08 11 68,58 6 689 88.31 0 Mo(M)? 
u 68.85: 3 88,72 14 T1220 $iH(1,1)@ 
(0,0) 1:33 68 
33.80 14 Cell 4 
Fe 696/51,90 16w 69.30 8 Ti 163 v(m)? |89.43 3 SiH u 
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Int. Ident 
a Int. Ident. a Int. Ident, a Int. Ident. 
4100 08.56 12 Fe 689, 696 34.15 3 Na 
—NaII 20 53.45 
oe 6 SmII 42— 53 
89.85 15 V 24 34.89 1 BO(0,0)P 53:93" pe 
e Q 09, e 4,73 4 
91,08 3 34 10,85 4 (88:55 £5.80 Fe 4i6 Gr 106 
Fe 152 V 2 
11,93: 7 ZPIT 16 8 cr “ie 
92:51 Fe(M)? Sm | 12°68 6w Cr(M)? 7 (87-09 AH(0,O)R 
92.73 4 u 12°96 ? Pa 38,03: 9 Fe 689, 696 CeII 123? 
92.90 Co 94— i316 6 E(1,1)Q LaII 41 |57.16 
: Youn Fe 849p —cr 
13.40: $8.80 12 Fe 695 Moar lores: 
93.40 § S4H(1,1)¢ 8 43 V(S 95 8 CF 7.65 9 Mn 23° 
—Ce 5 Fe 414 
x e a 59, 
9.49 
95.31 12 S4H(1,1)Q 41,15  20w A1H(0,0)R-head | 59,70 
Fe 693 16.87 2 siH( 45 Fe S51 |60,03 11 Fe 
,1)R, i722 «7 «Ga 60,12 10 Fe 4760 
cu(1,2)p ° II 4 ‘|41,65 14 Zr45 AlH(0,0)R|60 
96,20 8 Fe 693 17.86 14 42,00 4 2r(M) 60:80 Ti 261 0 
Fe 695 LaII 76\42.16 TmiI 6 
Cer 19 Cr 152) AIE(O,0)R 60.97 8 —alH(0,0)9 
R 6 
2)P Rut 18, e275 CH(0,0)R 
cr 249 45.50 2 CH(0,0)R 62,10 l2w GaII 44 V(M) 
Ru(M) CH(0,0)R 62.70 7 
98.10 Fo(Sun) & Fe800 (45.62 10 62.81 5 
152 Co 2 0,0)P 63 
98.64 16 V 24 Fe 693 20132 pat 45.04 5 Pe 904— 63.37 
98:90: 3 Ru(M) Pe 482 NdII 32)45.97 5 AlH(0,0)R 63.67 <1 ,0)Q 
$4H(1,1 §18(1,1 
99.09 18 Fe $1H(1,15Q 44.26 1 
99.34 llw 4.08 8 64.43 7 AlE 
99.69 SiH(1,1)Q 21,28: 3 44,70 5 SmII 27 64,72 4 
98 _50_Po 21,60 Cr cies 6.10 9 
on $2.68 Ce 45.87: 1 66:85 8 Al#(0,0) 
S4H(1,1)@ 22,92: 4 teat 7 4 
00.78 8 one 46.47 7 —Al#(0,0)R © |66,96 10 Fe 273 
00.89 9 Fe v6 23°93. 6 Sun 7,10 8 AlH(0,0)@ 
022: 2953 Tr 14? 
1)@,Q 24°19 11 Pe 689 Pett t= 67.80 9 Pe 488 
| 26,67 200m ca 68.40: 2 co 127 
03.97 is Fe 355 Fe 9 Fe 416, 649 /|49,25: -3 Th 
25 29.75 17 Fe 41 49.45: -1 CH(0,0)R 69.53: 1 lath 76 
. 30, e '69.9 
8.31 30.99 7 #1136 83 laos: we 
0667 ve 669 NaIT 18 “VII 61491 9 A1B(0,0)R 71:16 240 Fe 162, 
05,94: —Ru(M)? |31.57 4 Fe 647 zrII 9951.62 8 71.34: 2 
Ti 162 
Osteo; $170 $ —celrut 1.76 Tt 261 16 Fe 42 
06.70 208 V 112 | 72,121 2 Y¥(M)t 
06.70 Pe 51,84 7 —Fe 216pt (72,40: 17 Ti 
12 8 Pe 352 |52,31: 33w Co 6 
$4.01 29 ColVvé 6 73.8712 
(73.85 10w CH(O,0)R 


TABLE 5 -- Continued 
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74.2 Sw LalI 53? 19.03: 3 int 8 
74.80 708 Cr 1 Ti 44 96,55: O Cr 176 19:35 1 TLO 42°21: 1. GaII 15 
75.27 3 6.74 l3w ZrII 98 Sm3? | 19:46 6 Fe 214 42:39 2 
75.66 8 LalI 40 Fe2ls Cell 2 19.62 6 42.48 
75.91 3 240 96.91 © CH(0,0)Q 42.81 6 V 103 
76.07: 97.04 6 Cr 64 19,86: 2 43.05 6 —Zr(M)— 
76.20 0 97.32 2 CH(0,0)Q— : 43,16 14 cr 64— 
76.42 10 97.51 1 Sun 20.48 8 AlH(0,0)P 43:98: 2 Pe 645 
76,68 T1252 Fe976 97.74 12 Cr 247 Ru Pe 691? 43.46: 1 0) 
76.94 vi20 PrII 7 | 20,73 14 15 43.71. 12 Fe 61 17 

\ 77525 98,02 10 Alg(0,0)P 20,94 8 42 

™\ 77,38 4 ZrII 40 Fe520 V120 21,18 9 Cr@3 GaII 46 44,00: 2 CH(0,0)P 
77°58: & A18(0,0)Q,P | 98.20: 1 Fe 476ap \| 23.40 2 Sun zr(u)? *29° 
77.68: 6 Fe 172 8.68 32 Ti 44 Ni 23-63 10 
78.17 1 99,00 16 Ca 5 21.77 7 ¥e(Sun) 

78.24 9 e692 T1291 99,26 17 Fel52 T1148 | 22-11 16 44.092 
99,64 18 Ti43Fe416Cr96 | 22,50 7 LalII 25 45,07: 4 Cr 198 T10 
22.79 2 Sun Fe 215p? | 45.13 3 A1H(0,0)P 
79.67 7 27 4 24.60 2 sun 46.30 1 
,O)R e II 41 
50" Serr 15 Fe 70| 46.53 l4w Ti 204 Fe 598 
80°05 6 25.42 r T1235 
CH(O,0)R 02,54 25 Ca 5 Sov 
680,48 12 15 02.93 zr 45 Ti 79 26.36 24 ca 
26.56 24 47.51 3 PrII 30% CH(0,0)P 
80.60: 6 05°57 12 —Fe 415 47.83 16 SmII 37 Zr(M) 
ALH(O, 26.99 12 Ti 43 48.02: -1 Zr(M) CH(0,0)P 
27.10 11 Fe761 18 | 48.51 —CH(0,0)P 
81,02: 6 SmII u 04.18 2 Fe 647p?— 27.52 O 
81.09: 6 Mn 23 04.40: © CH(O,0)Q 27,76: 2 
81.37 20 Ti 44 04.52 4 Fe 414 os 12 
81.58 O Fel7lp —t— CH(0,0)Q — 
61,71 O sun 04.66 4 Zr(M 28,55 1 T10 
82,00 2 CH(0,0)Q?— | 04.84 3 Sun GaII u 29.02 SmI 
82.20 5 zr 45 05.13 6 Fe 272p 2 
62.40 18 Fe 71 05.43 8 Fe476 SrII 3) 29,42: 2 
82.67 l4w T4162 NaII13 Cr 96 29°54 7 
83,02 23 Ca 5 05.70 8 SolI 15 29-76: 
83.42: lw Fe 215p? 05.90 35 Ti 44 30.01 25 V5 
83,82 13 0)? 1s v5 30.24 2 TAII 94 51:97 t0 10 | 
e 
84.06 10 ¥ 23 08:70 9 Gerth 16 10 Fe 415 
20 ¥ 369 «15 51.79 Cr 22 Mg 14 
84.47 4 —NaII 10 06,93: 7 45 30,95 5 | 
84.69 Cr 96 Ni 86 /|07.18 18 V5 Be 
64,98 13 148 07,86: SOW Fe 42 Ca 5 31.66 10 
86,02 30 46 08, 6 DyII(Sun) 32.4 
Be 09:04 11 Fe849 SmII 15 3 V(M)t— 54.08 8 T1204 alH(1,1)R 
00:30 33 Pe 414 3 cr 176 54.37: -1 LalII 58 Ti 
: 4 LalIl 09.8 

Fe976 “or pat 33.20 2 T40 ZrII132? | 55,05: 11 —Ca $7 AlH(1,1)R 7 
87.41 24 Ti 44 0.37 9 TA 79 
10:67 | 33.91 8 PriIl 8 55.66 2 CH(0,0)P T10 
87.71 4 T145p Prit(is)?; 10.96 1 GaII 15 

3,79 Fe273| 11.42 1 CH(0,0 

88.37 2 —Cr(M)?— 11.64 10 ° 8 
68,67 4 Rh(M)? 12,06: CH(0,0)Q 34.84 17 
88.79: 3w Ti 45p VP 12.29: 2 CH(0;0)Q sun | 35°06 - 
89,06 20w Ti 44 Fe 214 |12.53 7 Mn 23 38°86 2 56.91: 0 7 
89:34 17 Ca 5 2°86 16 TiII 42 
89:77 45" Cr 3.08 CH(0,0)Q— = 
90,19: 8 TAII 41 zr(M) | 13.33: 57,87 2 
90.34: 7 Fe 416 “| 13251: -1 58,15 10 NdII 10 
90.58 2 AlH(0,0)P -+415,68: -2 CH{0,0)9 36.44 A1H(1,2)R 
90:92 23 Ti 44’Pe 351°/13.84 2 Ga 4? Vile)? | 
91.14 11 —Ti 45,147 | 14,08 21 SolII 15 = oq Bere 
91.30: 1 vt 4:34 15 TL 45 Al 1 
91.46 39 Fe 3,41 14,50 7 9 59,05: 0 ac 
91.77 1 14:78 30 Ti 43 59.25 0 
91.84 12 v 120 T1251 | 14.95: 15 TAII 41 16 
92,13 8 Fe 70p SmII 32)15.09 22 Fe 71 
lo 38.23 15 wero 0)P} 59.93 1 Tm 1? Cr 198? 81 
sis 38.46 7 Ti 2 60,13 Ow 310 0)P 82 
38.75 law Hari 68 Cr198 60,48 9 04 82 
93.22 3 Vp? Mo 7? |16,02 4 45 22% 
39.12 2 Co lp T10 61,09 12 Gol 1 (1,298 8, 
93:80 6" —Sun— 16,51 -1 
$4.78 11 zr 45 15 |17.33 9 ZrII 40 40. 

95.01 CH(0,0)Q 7293 2 THO? 8 Sarl 48 
(0,0)Q 18.40 1 T410 GaII 14 62,93: 2 ——Cr 82 85, 
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Int, Ident, Int, Ident. Int. Ident, Int. Ident. 
86,06 0 09.52 8 61 33.75 9 Fe 625 T10 
86.40 Sw T10 Ni 168 09:64 O Zr(M)? 33.96 24 Ti 113,161 
63.11 6 1% 10,01 6 Ru & T10 41? 
S$ GH(O,0)P 86,72: 2 10.26 7 —=Cr 129 34,33 12 SmII 36 TL0 
aun 86,83: 8 CeIIS7 TiIT104/10.52 6 Ni 86 34.57. 8 V(Sun) T40 
63.51 18 87.00 -L CH(0,0)P 10.74 1 Ti(Sun)p? 34.96 20 Ca 
: r : 
64.17: 8 Vik)’ 87.51 6 Cr 103 11.53 -1 35.56: 12 Bull 4 
64.49 1 TiOP 7°66 2 GAII115T10 |11.68 2 T10 35.64: 25 Ca 4 
64.65 7 Coll 186 9 Fe 476 11-89 11 Mn uf 61) 25 V 21 
$20 25 V(Sun) Cr 22 |36.34 8 Mm 22 
65.05 AIE(1,1)P,@ [88:40 Fe 850 12.42 18 Fe Gop Ti 54 | 36.60 15 160 267 
36.93 10 Fe 516 
65.70 2 79 88,62: <1 13,01 3 Zr 61 
‘ v(Sun) 26 37.83 26 V 21 
66.37 12w NdII 12 zr 6) |89.58: -1 CH(0,0)P 13:08 7 | 6 P10 
6.69} 740, CH(0,0)P 89.99 32 V 22 4.14 & Zr(M) Ti(M) |38,18 8 Ti 218 PrII(M)? 
67.08 90.28 MO 14,48 © $8.30 7 Fe 826 44 
67-88 13 Fedlé 104/90.62 2 Sun 14,960 208 38:97, 6 v(sun)? 
67.88: 15 Fe 41 |90-88: 8 SmII 15 15:14 40 Fe 41 39.23 T1O 
68.00 28 18 Be 414 61 18.55 16 Serr 14 39.61 5 —Fe 515 
208: 0 TIO 39.75: 0 
SIP(0,0)R-head| 91.31: -1 Fe(Sun)? 16.47 24 V 2271161 |39.86 9 Fe 
68.94 6 TL 245 2:30 1 Cr 130710 13 Ti 161 Zeit 70 
69126 1 Sir(0,0)R |92.59 4 Fe 975 17.40: 3 Co 150 TA(M)?| 40.52: 
e412 | 40.99 7 Fe 645 
69.66 1 4200’ 93.50 8 Sun AIH(1,1)F| 18.58: 0 Fe | 41.26 9 160 
00.76 14 pools’ 25 (95.66 18 40 7 15 
69,86: 3 CH(O,0)P 4,04 11 TAIT 51 | 9.29 2 TiO 42.34: 28 Fe 68 
$iP(0,0)R 94.49 8 19.92 21 V 42.81 10 —Fe 69 
70.11: Ow Tio SiF(0,0)R |94,85 Ti 78 Cr 130 | 20,22 1 —Sun 43,02 3 ZrII 88 
70.39 lw T10? SiF(0,0) zr 61 V(sun) | 20.47 14 zr 61 081? | 43:19 12 Fe 350 T1(M)? 
70.88: 95.04 20 18 20.60; 9 48.32 V(u) 
SmII 37 43.79 19 TAI 
71,06: 3 CH(O,0)P T10 ‘Tw Fe 991,992 21.31: 1 Co 150 44,21 27 218 
71:76 sun? |96,15: TIO 21.93 5 TiII 93 
72.18 8 =Ru 13? 96.35 TLO 
SiP(0 O)P 96.68 0 TiO | 3 45104 
e | 
72.57 10 4AlH(1,1)Q 96.95 4 —CH(0,0)P? | 22:52 15 Fe 
SirF(0,0)P 7.26 8 Cr 129 YII 5 46.39 11 NdII 49 
72.72 1 CH(O,0)P |97,51: CH(0,0)F 22.84 20 Ti 78 Fe 646 | 46:84 9 Fe 828 
73.24 17 Cr 22 “98:28 6 —YII 61 
9 Fe 214,413 98,56: -1 T10 T10a(4,0) heal 47,93: “a 
SmII 42 98.78 5 CeII T10 | 24.06 2 Cr 82 V(MB)? | 45/14: Ow TIO 
74.44 15 SeII 14 99.43 V(M) TiO 24.56 9 V(M) 
74,80: 5 $0.08 Hi 25,07: 3 Cr 52 49.33: 4 Ru(M)? 
25.43 23 9:61 8 
74.94 25w YII IS Nd1015,6 Vil) Fe 708? 40:75 10 
75,35 ow Cr 103 Ti 219+4400 25.82 13 Ti 78 40.05 188 Perl 
7.6 0 OH(0,0)P 00,14: 3 T10 
75,93 45" Fe 2° 00:38 16 SolII 14 26540 0 THO 
76.77 8 Fe 471,904  |00,58 27 V 22 26.66 on 
Cr 304 00.82 8 10 Nil49? 26.81 3 T10 1.23: 0 
77.10 2 CH(O,0)P [01.05 1 T10 27,10 35 T1126 Ti 76p |51-57 13 22 50 
77:81 8 Fe 645 MO | 27:68: 1 crise 
02:24 T10 27,84 =TiII Glp? |§2°58 0 sun 
98.50 22 Val Cr 189 |52.71: 11 smII 96 v(m) 
7,25 38w V 22 02:95 6 Zr(M) 29,13: 10 Zr(M)— 
H(0,0)P— | OS. ZrII 79 SalI 22-+— 
80.51 8 cr iS 03.66 7 V(M) PrII | 29:93: 8 LalI 38 — 
80:72 @ CH(O,0)P “03.97 THO —Ti | 54036 12 Fe 360 5? 
80,96 5 04.54 30 178 30.19 7 Fe 472 6.00) 60% 
8 créaves [06,73 38 0:37 12 Ti 115 
82.15 Cell 2 05.32 lw AlB(1,1)P |31,00 2 T10 
82.43: 0 05.68 14 Ti 78 1:31 13 8 2622 
82,74 9 Fe 700a Cr 64 06,09 léw V 40 Pril 4 0731.45: 3 56.54 11 Fe 616 Zr(u)? 
GOW Fe 41, 06.64 37 22 0 Tio 
38 5,22 07,25: 2 Fe(sun) 2109 10 wa 
85.00 28 or £2 68 40 V 22 51 | 32:23: 2 710 
(0,0)? 187 [08:85 35 V 22 Pe 68 32:85 low Visun) Be 992 
85.35: Fell'27? RuQOt|06.85 léw —Pril 4— 33.21 10 Fe 830 
88.66 11 NaII 50 [09.18 16" 61 Fo 645 3 Fe 412p an annua 
84 Cell 57% 09.34 10 6 Ti 267 60:35 Gr 63 TiO 
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» Int. Ident, Int, Ident, Int. Ident, 
4400 83.32 1 62 06,10 3 TIO V(M) 30.08: O T10 
1 06,30 8 Ni 133 30.33 
59.75 29 V 21 Cr 127 83.75 5 Sun TL 06.57 10 V(M) Ca 24 30.70 17 Cr 33 Cr 33 
60.02 -1 T10 83.86 CeII 3 06.78 TAIT 50 /50.90 9 150 
60.30 38 V 21 Co 150 06,96 +1 GalII 13 31,15 27 Fe 
60.76 6 Cr 63 4.20 1l Fe 628 07.13 12 Zr 3l— 31.62 13 Fe $85, 847,992 
61,05 4 Mn 28 V(M) 84.49 8 Co 27 07.41 5 Ca 24 ‘ m1 2p? 
61.12: 14 CeII 10 Fe 471 |64.76 0 07.80: 6 Ca 24 T10 1.86 0 T10 
61.37 2 Fe 725 84.83 4 TLO 08.02 8 Ti(Sun) zr(M) (32,10 § Ti(Sun) T10? 
61,66 426 Fe 2 85.06 7 Ti 184 T10 08:27 8 T4(Sun) PeII 3/3231: -1 T10 
62,07 32 Ti 8 Mn 28 85,30: 0 08.49 O LaII 52? 32.58 2 T10 
Fe an, 1,035, 902 | 85:43: ZrII 79 08.70 4 32.75 2 
62.38 13 V 87 Ni 86 85.66 10 Fe 830 06.86 0 TO 32.98 4 Sun 
62.74 Cr 127 85.94 5 09-11 1 T40 33.24 TL 42 
0993 II 86,30 lw TiO Zr(M) 7 #+%\V 110 FeS14,937 33,96 19 TAII 50 
65.16: 5 Fe 47lp? TIO (86,71 2 T10 Co(M)? T10 $4.1 3 PriI 20 
<j 63.39 10 TL 160 86.91 11 CeII 57 T10 | 09,41 7 —Ca 24 34,55 2 TL0? 
63,51 ll Ti 160 7,22 3 TIO Y 14 09:73 34.78 30 Ti 42 
63.81 © 7.46: 4 ¥14Cr 63 10.10 6 Ru(M)? 35.14 10 Cr 33 
64.16 4 Zr(M) 87.74 3 | 10521 6 PriI 20— 35.57 Sow Ti 42 
64.44 9 40 87.81 3 PriI 3 10:38 1 35.99 Ti 42 Ti 42 
64,70N 12 Mm 22 Fe 472 | 88,06 11 —Cr 203— 10:52 2 T40 36,50 7 Fe 896 
cr 127 88.24 10 Ti 184p 10.84 6w Fe 823p T10 36.72 -1 T10 
64.92 Cr 127 T10 88.61: 1 11,16 5 Tiu 26.99: T10 
66.05 7 NaII 88,88 15 V 86,110 11.32 6 Inl 37.16: 6 T40 
65.57 6 V(M) NaII13 |g9.08 16 TL a es: 5 
65,81 13 Ti 146 9.44 2 Cru T10 11:86 15 SmII 14 Cr 150 ee GalI(M)? 
66.13 3 Cr 127 Fe 901 | 89.74 32 Fe 2 TL0 37,90: 9 SmI 
—_ T10 90.05: 10 Mn 22 Fe 469 | 12,24 8 Ca 26 38.25 4w T10 
66,57 34 Fe 2p Fe 350 | 90-18: 1 12.73 27 42 38,55 3 
ye 9 Co 150 TiO | 90.49 6 —TiO— 12.98 1 TLO Ni 163 38.76 13 Fe 115 
‘32 8 SmII 53 |90.74 12 Fe 973,974 13.32 7 Zr(Ms)? 39,06 4 Tiu 
67.04 7 Crl27 Cell 177/91.13 7 V 62 TO 13°53 1 TO ¥ 15 39.32 1 TLOT 
184: 0 TO 91.39 4 TO 37 | 13,66 10 T1112 Fe 2l3p 1 T10 
67.98: 8 V 87 91.63 8 Mn(M) Cr 95 13.92 0 TO 139375 12 Cr 33 CeII 108 
68.12: 1 T10 91.82 4 Cr 83 T10 14:17 10 V 110 Fe 514 “$30.09 7 
68.50 17 TAIT 31 92.27 8 Cr 197 T10 14.44 11 40.18 3 
68.75 10 102 |92:50 10 Ti 184 14,66 1 40.48 22 Ti 8 Cr 33 
69.15 16 92.64 Fe 969 14.89 -1 40.68 9 Cr 150 
8% 15.09 10 
69,55 4 Co150 M10 ~y/93-41 7 Fe 796— pert $7 zr(m) 
$9.68 12 S| 93:51 10 18 Cr 126 1:27 7 NdII 58 
70.11 7 93.77 T10 (15,58 10 Ti 164v 100 [41,51 4 Cri49 FeII 38 
86— 94,15 8 Na 15 15.81 2 Zr(M) T10 41.75: -1 Na 14%— 
70,84 12 IT 40 94.56: 27 Fe 68 16,07 2 TO 42,02 6 
71.23 14 446 CeII& | 95,00 8 Tiu 16.33 10 Na(m)? T10 42,19 9 
71.35: Q 95.39 9 Fe 319,970 16.65 5 T10 42.41 4 Fe 894 
‘ Fe 2p TLII 40p 16-81: 0 T10 42.62 11 Cri49 Na 
72.08 -1 95.53: 4 827 17:10 9 T10 Co 150 42.74: 0 Fe 827 
72.18: 1 240 5.98: 6 Fe 825 V 110 | 17,61 l4w Fe 472 PriI2 |43,18 
72. SmII(M)? T10 | 96,20 33 T18 Ti 146 18,02 29 T1 42 43.75 9 Cr 100 Col 
5 Fe S9p TiO 96,51: 9 PriI 4, 18.35 10 TAII 18% T10 43.97 15 II 60 32 
4 12 Fe 10 V 86 17 Cr34,100 Ti 112\ 44.67 32 T1 42 Cr 33 
72,98 7 SmII 26710 (97:30 0 10° amir 40 am? 
73,22 <1 T10 97.40 0 19.96 9 N Gr 
—T1i0— 97,67 11 Na Ti 184 20,20 9 V(M) Fell 37 45.95 2 io 
65 CeII 19 20.49 3 T10 46.42 © AlE(0,1)R 
4.78 20" 21.28 4 GdII 44 TIO 47:98 wi 
99,12 4 Sun 22,19 1 
75.27 8 —Or 96 99:46 9 SmII 23 8,74 on 
99.71 Sw V(Ms)? 22,53 13 =—-Eull’4 T10 
75.872 0 22.79 30 Ti 42 8,38: <1 
350 
T10 00,06 -1 T10 23.53 1 
77.06 Gr 00,29 13 Cri50 TAII 18p| 23,89 10 SmII 41 T10 18 
00.29 13 Cri50 7 15 TiII 
wee 1 24,20 11 V99 AlH(0,1)R 
T10 00:75 4 —Ti0— 24.36 T10 
78,00 8 Sun Pe 69 00:90: 1 T10 24.69 9 TAII 60 on eee 
Fe 8 
78.81 2 GaII 15 T10 | Ol.77 2 cr 81 5262 13 Fe 319 0 
O Fe 6899p? 01,92 14w V 62 T10 26,07 6 LalII 50 Cr 196 | 51,23 Suis)? 
02.56 
70.28 92688 10 706 26.44 200 Cr 33 4 V 82 
Fe 828,848 03,19 1 T10 26,90 15 Ca 36 
7 V(M) Sun 03.42 27.33 45 Ti 42 Cr 33,62 
80,12: 11 Pe. 03.58 -1 T4107 X14 
80.2: 03.74 12 Ti 184 27.76 7 14 Fe 641 
80.87 12 222 04.20: 5 Tid 27.92 3 TIC Co 156? 54.05 37 
81,00 4 44 710 04.79 9 Fe 555 T1O corr, 
61,27 15 Ti 146 TmII 1 |05.00 4 Ga 24 28560 35 Fe 4.79 a" 
81.58 6 =e 827 05.32 2w T10 Cr 152 28.80 10 
62°61 68 e 6 T10 T10 V 95 55.49 25 Ti 42 
82,70 14 Ti 113 Fe 828 91 4 TO 
82.65 e a(6,2)Re-head| 29,60 8 V 99 Pe 987 66,12 1 14 
5 Cr 197 T10 29.83 10 Cr 33 i 
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A Int. Ident 
A Int, Ident, Int, Id 
81 ent, a 
56.73: 3 12 710 06,46: 10 6 Int. Ident, 
56.94 7 F 82.50 7 Cel 
57,82 6 Ti 270 82,77: O Fell 37 07,33 15 Sr 2 52.41 8 T10 
58.11: 10 Pe 894,974 ae + © 07,65 13 Fe 554,969 32,66: 7 T10 
Ti 262, 263 63.18 Sunt 52,92 30 Fe 39 
: 
59.92 12 T 09:90 9 34,85 
60.41 6 SmII(M)? Cr 212? 10 V 39 35,84 10 Fe 346 
60. © 9 Vv 109 0 Ow Fe 319% T10 36,07 ‘tw TiO 
294 2 Cell 2 89 25 Ca 2 Ca 23 11,28 22 Fe 826 Fe 17; wy 36.54 8 TIII 58 
6 —Cr 34? 30 V4 11.72 4 p | 36,80: 14W T10 
62.35 4 2 87,70 1 12.51 740 Na 
62,63 26 Ti 7 87,94 4 T10 13,00 1 ¥(M)? Zroa(o, om 
62,09 Ow 88,16: 3 13.23 10 Fe 554 38.44 8 TLO 
9 TL +72 —Co 15— 2 9 .01N 
65.76 ae $0 69,00: 2 13.92 9 710 zrl 39:36, 16 
Ti 112 60.58 9 12 Fe 638 145 
I 40 255: 6w 26w 
64.75 9 Fe 210 89,95 14 50 40136 6" Zr0a(0,0)P? 
66:52 1,80 6 14 7.28 26 TA a(O0,0 R,P 
0 Cr 125 | 92,06 9 V 95 T10 17,87: 42,22 9 36 
4 Fe 723 T10? 18,23: 3w TiO Zr0a(0;0 
7.38 T10 92,66 2 Fe 39 18,59: 1 T10?S 42.59: 
67.62 49 92.85: 2 Tiot 16:78 12 Fe 400 V 39 —| 42006: 
9 TIT sedis 19.27 10° Fe 42.98: 140 
II 33— ° I 36 ce 8lT 9 F 
68.79 10 Fe 65 93,92: 4 19.78 25 1 261 | 45: 
4 Fe 894 | 94 6 v4 Fe 820 
31H(0,1)R 35 4 20,07: 3 ZrO 45.69 11 7109 
94,44 9 20,40 a(0,0)Rhead “4 
0? Cr uf? 240: Zr0a(0,0 210 6w T10 
. 
95,08: 4 T10 21,08: 2 45.05: 3 O)P 264 
8 v 109 13 Fe 594 SmII 45 o)R 45.18 1% T 
O PpriIi(M) 262: 7 T10 Cr 266 21,31 T 
92 5 Ti 266C 95,92 3 T10 Ni 1 21.89 14 C ,0)P 
71.11 35w 1 cr 6,06 11 Fe 820 2.19 2 op 38 45.42: 2 
. r 3 
71,97 14 109 96.84: 5 177? 22,72 8 0)? 
72,90: Zr(M)? 97.66 9 T40 Sw TLO 26 
T10 98.15 11 Fe 554 2461: 1 Vv 94? 47,00: 2 
ae 2 T410 bo 12 Fel 24,92: 2 Cell 27? T10 47.46 14 Fe 409 
3 TL0 8 172 zr04a(0,0)P Zr0a(0,0 
7 Fe 554 T10 25,01 12 Fe 554° 47.8% 2 HON 
«2 T10 Cr 148 97 25.31: 2 Cri 47,72 3 
1. Fe Fe 115 5 Tiu 25.47: 0 | 47.99 
LaII 23 2 T10? 25,90 -1 Cr 244 48.11 10 
Fe 503,070 740 26:45 V 48.51: 
ry 
6.45: 5 10 00,13 12 cr 32 26.75 4 7100(4 
bd 
78.082 —AlH(0,1)9 Pe 591 27.72: 4 Zr(M)t 50.27 3 
cr 246? 01.55 T10 28.15 11 CeII 50.50 4 T10 (0,0)R? 
7.55 18 Ce 25 17 Pe 39 26.43 7 Cr 186 50.75 5 Zr0a 
79,01: O 03.33 «8 29°17 o 15 T10 51. PrII 6 T10 
+51: 7 Fe 319,936 03,90: 10 Fe 410 T10 Fell 37 oN 
469740 04,18 10 SmIZ(M) TiO? 
80.57: V4 TAIT 60 lbw Hi 96 Socks 13 Fe 436 
Cr 148 Gar 05.40 1 T40 30.43 54.32: 2 
Fe 555 Co 150 | 06,15 6 TiO Lall 52? 710 54.67: 1éw Fe 554,821 
t T10 2 T10 
55.19 Sw TiO 
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TABLE 5 -= Continued 
Int, Ident, h Int, Ident, Int, Ident, Int, Ident, 
| 81.49: Fe(Sun) 08.02 12 cr 186 35,59 2 T10 
[81,91 40" 6 08.20: 5 35.85 8 Fe 1042 
13 TLII 38p | 82,55 10 YII 12 ;08.67 9 T4II 49 TIO 36,04: 
9 Ti 145 162,56 4 Fe 384 108,96: 7 Fe 4 36,21 
a or 147 T10 192.75 8 T1O V(M)? 09,05: 12 Fe 621 36,78 14 Fe 554 
32 \e3.26 3 09.33 0 So 22 36.93: 
3 Fell 43¢ T10 | 83,52 12 Fe 346 T10 09.49 T10 Ru 37.33 8 Cr 145 
8 TilI §9 3 TLO 09.73 12 Mm 21 |37,66 So 14 Fe 590 
4 T10 Co 156? 64,01 4 10,18 30w TY75,203 zr43 Co 57 
ll Fe 346 Zr 64 | 84,25 4 T10 Fe 409 38.37: 0 
7 TLO Pe 591? 84,50 11 Ti 203 94 10.57 7 V 119 38.65: O T10 
6 T1i0 84.82: 2 10,93 3 T10 39.10 10 Mn 21 
6 T10 £4.96 6w 11.26 0 T10? 39.49 1l zr 43 
2 T10 T10 11.50 40,19: 4 TiO Ni 997 
law TiO Zr(M) 85.26 11 Ca 51 11.70: 7 So 22 40,30 9 Fe 409 LaII 8 
—T10— 85,62 0 11.90 1 4 0.51: 4 
2 T10 85.85 lew Ge 3? Co(M)? 12.07 7 Fe 467 Ni 132 (41,02 15 So 14 Fe 688 : 
1 Sun? 86,21 7 12,40: 3 1.52 9 Fe 346 } 
4 T10 86.90 12 Ti 203 V 93 12.75 4 T10 41.64: 3 TL0? | 
6 T10 87,18: 9 SmII 3 T10 12.90: 1 41.93 9 SrII 5 | 
5 T10 87,30 16 Fe 17p 13,00 5 T10 smIr49 [42:08 7 i 
7 710 Fe 1207? | 87.44: 2 Fe 347 13.23 5 42,30: 3 ( 
14 Fe 87,67: 3 Fe 347p? 13.52 3 T410 42,58: 2 —V 128 
2 TIO 87,80 13 Zr 43 13.79 6 T10 42,80 11 Ti 233 
7 LalII 6 68.14 1 TiO 14,13 10 V 119 Fe 592 |43.24: 0 T10 
4 TilII 38p 68.46 15 Zr 5 14.43 12 Ni 98 3.82 15 14 
2 TL 68.75 5 TLO : T10 44,16 <1 Prii(M)? 
3 FP 68.98 1 TIO 15.33 2 Ti 6 44.40 4 T10 
12 Cr 186 Co 156 | 89.40: 10 Cr 186 15.62: 4 WdaII 49 44.64 7 Fe 17p 
3 9.47 10 TiII 3ept 15.78 9 Ni 98 T10 44.85 1 
l4w Cr 186 Fe{Sun)? 168.89 10 V 136? TiO 44.94: 1 PrII3 
1 Tio 89,60 7 TIO 16.24 4 T410 45,14 7 Fe 67 
1 90.13 7 Fe 820 16.49 GwT10 52 (45:30 7 Cr 61 
ibe Cr 186 Prit27| 90:38 6 Fe 17p 16.85 4 45.72 8 SmII 7 
12 90.79 12 76 17,08 6 45.83 8 Fe 821,1068 
6w —T1i0O— 91.35 25 Ti 75 Fe 400 |17.27 3w T10? : 
1 T10 91,63 17.67 15 ¥119 Cr 170 |46.64 4 V 115 
5 23 91.72 3 18.40 13 cr 186 47,02 2 T10 
ll cr 99 Vv 94 91.99 26 T10 19.11 3 zr 66 47.26 ll Ti 75 : 
9 Cr 186 92.44 10 Ti 7%p LeII 75|19-38: 2 T10 47.67 8 Ti 233 : 
4 Fell 37 T10? | 92,64: 8 T4O 19:52: 6 TiII 59 47.94 O Nall : 
2 Wi 146 92.97 4 Cr 99 19.86 10 SmII 3 LaII 81 |48:11 2 sun : 
9 Cr 99 T10 93,17 4 Co 156 T10 20.46 5 48,50 6 V 113 
38 Ti 6 93.64 28 Ti 6 SmII 14 | 20,78 1 T10 «3 Lall 65 
13 Fe 554 T1i0 93.94 6 tr 99 21.01 11 Fe 1071,409 T10 49.13 5 
1l 94,11 3 21.28 O v(m)? 49:32 —zr(M)? 
13 Na 12 94,85 13w 21.50 6 V 108 49:62 13 156 
T10a(5,2)Re-head | 95.17 llw TiO Cr 99 22,08 6 Zn 2 49.98 5 Fe 1206— 
5 76 95,50: 22.26 3 T108r5 3 
9 V 4 Fe 621 95.92 law T10 | 22.61 17 TA 75 ~~|50.52: 2 
16 SmII 7 Cr 166 | 96.38 4 T10 22,88 3 V 108 50.70 SmII(M)? 
12 SmII 26710 96.58 -1 2.16 18 75 51.00 7 
23.65: 
26w V 39 ScII 24 | 97.04 10 Cr 62 24.38 9 —Cr 145 51.84 8 Nall zp(M)? = 
2 97,13 8 T10? 24.65 5 203 52.10 4 Ni 165 78 
Sw T10a(5,2)Re-head| 97.39 0 T10 25,06: 1 153% (52:37: T40 
5 T10 ‘ T10 25.27: 4 TLO 52.49 11W Ni 132 
5 Mn 96,24: 10 SeII 13 T10 | 25465 3 Cr 195 52.80 0 Gr 194? 
PrII 21 T10 98.78 24 Ti 75 Cr 62 146, 26.39 T10 54.03 
2 Sun? Tid 98.87: 8 Ti 2035p | 26.75: 3 54.37 3 To 156 Ti 202 
2 tT10 99.20 7 Co 27 26.97; 3 54.67: 2 710 PriII 4 
13 Fe 40p 99,55 8 Sun? vim) 710 27,16 7 Cr 99 54.76: 6 68 4 
Fe 820 T10 99.61 4 TO LalI : 
T10 27.43 16w lm 21 Fe 821 |55°40: ow TIO 
7 T10 4700 27,77: 2 55.76 10 
6 Son 27,91 18 Co 15 56.12 u 145 
14 SmII 14 Fe 40p| 00,17 10 Fe 935 28,08: 3 
14 00.45 9 Fe 67p T10 28.38 3 2T10_ 7 wi 98 
16 77 00:61 9 Or 62 28,50 8 Fe 622 65 @ TAO? 
9 00,86 O TL 28.75 8 So 14 56°00. bis 0) 
2 Ni 15 Tot | C1409 Fe G20. mn | 29,00 Fe thot > 
Ni 101 29.2 
9 TiO Sun? 01.54: 3 Ni 235 T10? 20.68 29 po 
2 01.74 20-71 Fe 688 Cr 169 ae 
2 T10 01,91: O Cr 170 29.81: 5 T10 Ste 
12 SmII 3 Ti(Sun)| 02,08 4 TIO 30,05 8 Mg 10 as 
8 TL0 02.24 5 T1O 30.38 2 V 108 
9 16 T10 02,62: 2 30,69 9 —Cr 145 69.69 6 124 
31.50 68 FeII 45 60,97 
4 T10 03:80 7 Ni 135 TS 
Onis 0 31.80 5 61.17 7 T410a(2,0)Ra-head 85 
low Fe 688 . | 04,43 11 SmII 32,04 8 Co 15 
8 T10 Ti 77pt 04,96 10 Fe Bel 32.34 10 48 wa 
1 T10 05.47 Pe 752 32.60 0 GAII 65 
4 110 CelI 18 06,15 11 V 94 Cr 170 33.41: 9 TL 202 “so ees 
Zn 2t 06,29: 3 T10? 33,60 25 Fe 38 2°38 11 im 21 
12 Fe 39 Co 15? | 06.56 14 V119 11 14 62.65: 7 7 
10 Fe 346 Cr lee | 34.40: 0 GaII 43 
10 Cr 170 07,29 13 Fe 554 34,65 6 T4 233 H ere 
| 15 Fe 346 34,80: 1 Co 186 63:80 8 ore 
. 2 TiO Cr 195? 35,08 2 T10 63,60 8 T410 
60 


aA 
4600 
$5.71 
56.04 
56,14 
56.49 
56.95 
57.21 
57,41 
57.62 
58.24 
58,59 
58.98 
59,12 
59.48 
59.89 
60,24 
60,44 
60,71 
: 60,95 
‘ 61,28 
61,56 
61.96 
62,24 
62.52 
62.74 
62,94 
63.22 
63,34 
63.49 
63,88 
64.27 
64,48 
54674 
65.08 
65.67 
65.89 
66.16 
66.48 
66,72 
66,97; 
67,16 
67.58 
68,11 
68.35 
68 
68.92 
69,24 
69.35 
69,65 
70,00 
70.48 
70.69: 
71,07 
2 71.40 
71.65 
71.79: 
72,07: 
72.358 
72,51 
72.81 
735.19: 
734773 
74,15: 
~ 
4,63 
75,12 
75.39 
75.65 
75.89 
76.37 
76,46 
76,70 
76.95 
77.25 
77,54 
77.91: 
78.14: 
78,48: 
78,60 
78,85 
79,20 
79.67 
79,91: 
80,09; 
| 
80,30 
80,50 
80,80 
81,05 
61,36 


TABLE 5 -- Continued 


Int. Ident. Int, Ident, Int. Ident, Int. Ident. 
88,16: 4 T10 13.56: 8 T10 : 

4700 88,32: 6 T10 13,64: 3 T40 am 1070 

63,92 15 T10 Ni 146 11 Zr 43 Fe 588 13.99 4 T10 Co 158 Mgi(1,0)? 

64.34: B100(2, ,0)Rchead 89.06: 4 710. 14:26 12 T410 Cr 144 2.2 9 MO 

cr 31 14.64 4 Ni 98 

64.52: 12 TiO TAIT 48 89.70: Pe 753 15,02 12 Zr 44 T10 Sa 

64.74 10 T40 00.951 12 15.14: 4 710 Fe 1069? 

e703 zr 43 SmII 14 

65.22 7 PrIi(M)? V(Ms)?} 90.31 8 Cr 31 T10 oe 

65.49 10 Fe 40 90,64 law TiO 15.87: 5 T10 A10(0,0)R 

65,60: 7 90.97 4 Ni 16.30 4 T10 43,54 (9) on O)R 

10 Mn 2l— 81.20 6 Fe 655 T10 16.45 8 TL 40p 43.98 8 214 

66,14: 40 91.51 14 So 5 SmII 7 16,61 6 T10 44.21 8 saat 26 

66.35 10 253 mm 21 91,78 MeH(1,0)? | 16,89 0 44.53: 5 Sun Al0(0,0)R 

66.62 ll V1ll3 Cr 231 /|92,26 9 TL 17527 1éw H(1,0)? 

66.84 9 T10 92.49 ll Gr 168 17:48: 3 T410? 

67.12 6 TiO Co 162? 92,60: 6 T10 17.20 6 Fe 67 MgH(1,0) 45.10 6 TO io 0,0 

67.28 6 T10 Cr 231 92.93: 7 T10 Co 158 8.03 10 T10 45238: 3 

67.65: 8 93°10. § T40 MgH(1,0)? |16.24 6 

67.88: 7 T40 Cr 231 93.46 T40 Ni 158 8.75 7 

TiO Co 156 93.91 4 18,02 13 T4i(Sun) 46.30: 9 T40 

68.37 12 Fe 384 Fe 821 (| 93,98: 2 Os(M)? 19,45: 2 46.63: 1 +V(Ms)? CeII 177 

68,83: 8 T410 4.26: 6 TL 9,68 15w T10 MgH(1,0) A10 

68.97: 7 T10 94.39: 9 T10 Fe llSp 4 om ¢ 

oy| 95.14 9 T10 MgH(1,0)?_|20,72 7 4,2)Reheed 
70.881 2 cr 1969, 2195.65 0 T)21.37 7 410(0,0 O)R, 

MgH(1,0)? | 95.86 4 T40 

14 T4 41 Co 156 96,22 9 Ti 260 MgHQ,0)? 710 alo(o, 
9 or 124 96.59 13 Co 14 22:07 2 48.84 11 Fe 114 76? 
9 Fe 67 96.85: 3 T10 22°50 8 9:12: 10 T10 A10(0,0)R 
> 7.93 0 96,94: 9 V 113 3,04 MgH(1,0) | 49,66 6 T10 A10(0,0)R 

72.17 7 TL0 97-18 6 TIO 60? (23.28 4 TIO YII 22% | 3 

72,32 12 Zr 43 T10 97,62 6 25,52 19 Mn 16 50.43 

72,83 20w Fe 38,467 Nil162/97,78 3 T410 4,02 4 LaII 50 T10 50.95 

72,99: 6 TLOP 8 T1260V93 (24.22 10 Zr 43 P10 

73,19: 3 MgH(1,0)% 98,30 8 Fe 1042— 24.46 8 51.96 5 

73,41 Gw TiO Ni 167 98.53 6 TIII 17 24.87 5 T410 52.45 8 

73.76 8 T10 8:74 11 Fe 25.47 14 3 T4250 | 50°61 

cr 124 9 Fesss NdII 2 25.99 §& T10 53,52 710 

23 V3 Ti 242 26,50 ‘tw PriII 20% 

74,86 7 MgH(1,0)? 26.84 6 TLO 

75.39 léw #30 oF lenses: 5 T410 

0 

75.68 mio 00,15: Sw Pe 384 T10 54.76: TL 214 yIT 22 

00.66 11W Fe 1042 MgH(, 

76:88 10 V 113 co 188 12 —or 168 
— e GaII 65 28,62 8 Cr 31 T10 sea 

76.51 8 V 128 T10 01.33 T40 MgH(1,0) 1,0 

78,05 3 (1,0) 02:42: 8w TiO MgH(1,0) | 

02.92 10 Fe 888, 934 710/30.26: 3 TOT 

78:80 6 _ | 05362 mgH(1,0) | 30.85 

79:08 § >| 03i86: 5 T10 1215 3 T10? | 

79.37 20 So 04,04: 4 T10 31.46: 3 Sun 

79,73: 4 ~| 04:40 9 T40a(31)Rahead 31.65 30 V3 

79,98 11 T40 Co 158 Fe 704 1:79 2 

1438.43 25 

80.92: 6 05,08 12 TiII 92710 ~|32:66: 7 T10 Fe 888 1s" 

6 HOT 16 05.41 11 Ti 260 weve tian 

8145: 6 Co 87 5 3.28 8 16. Gr 710 

Ti 41 .88 9 Zr 43 Gal 
81.84: 9 SmII(M)? an $ 

MgH(1,0)? 06:50 6 T10 34.27 5 carr | 

82,06 7 T10 06,80 12 Ti 3647 © 
82:59 11 140 zr(m)? 07,01: 2 Nil6s T10? 3 TIO 

82,98 12 710 Fe 634,108 | 35:02: 5 T10 2° Fe $87 21% 

0 : Fe 688 36,02 10" Ti 241 64.73 V3 

84,48 17 V3 07.55: 7 TiO Wi 114 TLO? 

84.60: 2 06.83: 3 T40 Ni 160 «6 

84.78: T10? 09:06 6 |3€:90 144710 | 12 TAIT 29 

84,95 13 Zr 44 Fe 633 MgH(1,0)? 

co 186 | 09.49 TIO zr(sm) 3 M10” 

0)? 09.98: T10 Fe 793 37.38: 3 

85.67 3 10:83 7 37:91 "tw T40 Co 15? 

85:84 3 10:85: 7 yiseces 6 T10m | 

86,08 9 11307 186 Fe 467" 8 Fe 687 | 40 

08.09 60 710 1438 12 11 Tio Tt 217 

‘ T10 

86.83 9 V 96 11:92 sr 5t 50.55 18 oso 27 

86.85 12 ” 2:28 6 Ti 260 39.69 4 13 

12:37: 6 T10 40:27 9 71000188 | 9 TO 

87.14 8 12,68: 2 T10 Pe 1068 2 

87:47 2 T40 12.94 10 Ti 41 40,48 6 TIO 

2493 Co 168 41,56: O TiO? 70,10 16 Ti 231 
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TABLE 5 -- Continued 
a Int. Ident, a Int, Ident, rN Int, Ident, a Int, Ident, 
4800 02,02: 15w T10 T10 38.10: 6 Salt 23 Fe 966 | 3 TLO 
02,44 2 TO? 3e.27 17 Ti 289 93,24 14 0,0)R T10 
70,81 10 Cr 143 Ni 131 [03.07 8w Ru(M)?t— 38,40: 5 Ru(M)? 93.70 9 
71.31 25 Fe 318 03228 25 Cr 31 Fe 318 | 38.84 18 Fe 318 Fe 1111 
1:66 Ta(Sun?)? T10? [03.74 7 TL u? TLO 39.22 6 Fe 1065,1070 (94,14 25 Fe 16 Ti0 
71,94 7 Sun 04,14: 3 T10 39,70 30Ow Fe 16 94,60 9 
72.15 18 Fe 318 04,34 1% V 118 V 118 40,4 fe) 95,09 11 Ti 216 TiO 
72,46 4 —Sr 4 v 50 40,95 Ow 175 2 T1i0 
72.73 6 TL0 04,85: 4 V(M)? 41.30 13 T1 39 “|96.51 7 MgH(O,0) T10 
73,02: 2 T10 05,13. 8 Fe986 Zr43 TIO | 41.56 9 Ti 200 97,12 45 Ti 5 TI0 
73.20: 4 T10 al0(0,0)P 1 ior 41,90 3 Ni 114 4 FIo 
73,48: 6w Ni 111 T10 06.35 9 Sun TL0 42,51 27 Cr 9 99.53 45 Ti 38 
73.98: 114 T10 |06,66: 4 So(M)? Sun 43,04 13 —Ti 52 
74.34 68 Sun TiO 07,11 7 Co 14 43.46 2 TL0 —+5000 
A10(0,0)P 07,36: 4 43.87 8 
74,83: 4 Ni 98 07,50 -1 Co(Ms)? 44.32 9 Sun Ti 173 00,01 T10 
74,99: 4 T10 07,71 10 Fe 687 4,78 4 —Sun? 00.41 20 T10 MgH(0,0)R 
75.60 V3 08,04 8 Sun T10 45.15 4 01,066 19 T1173” 
5.89 8 Fe 687 08.42: § P 45.55 10w Ni 1457 Felll3? MgH(0,0)R T10 
76.15 6 710 Pe 631p 08.65% Ti0 Fe 115p | 45,95 Ni 148 01,85 15 Fe 965 T10 
76.46: Sw T10 sr 09.38: 7 Fe 985 46.632 10 
A10(0,0)P 09.72 47,05 TL0 03,60 10 TiO Ni 50 MgO? 
76.79 6 10,02 10 Fe 687 47,53 1 04.23 10 T10 Crl22 MgO? 
77,36: T10 A10(0,0)P? |10.33 7 Fe 1068 47,98 15 T1 39 04.78 12 mn20? MgO? | 
77,72: 10w TL0 10,55: 8 Fe 1068 48,17 12 Ti 200 05.20 11 TiO MgO? 
78,16 30m Ca 35 Fe 3 11,07: 1 T10 48,66 10 SmII 49— 05.69 15 Fe 984 
78.53: 3w To A10(0, 11.17. 7 TAIT 114 sun 06.24 20 Fe 318—> NgO? 
78.91: 11.51 6 49,42 3 06.76 3 T10 
+20: 4 To 11.76: 7 Fe 984 50,10 14 Fe 687 07,24 35 Ti 38 Colé4 : 
7 110 410(0, ,0)P? Wi 121 T10 50461 TLO 3 Fe 966, 1065 
7%) aan 12 v 50 13.63 15 Ti 157 52.50 13 Ni 113 T10 09,63 30 Ti 5 § 
8 Ti 201 13.97 6 Wi 132 52.65 7 Fe 1068,1111 /10,23 TAII 113 5 
81,57 14:38 10 T10 T10 10:62 0 T410 5 
82,14: 1?w V 5O Fe 687 2 53.20 30 Col4N1111 |10,97 1 Ni 144 
82,65 llw T10 Co 158? 15,21 12 Ti 157 53.66 11 TiO cr 166 11.27 3 —Ti0 5 
83.10 1 15:79 4 T10 54,08N 13 10 —Ti0— 5 
16,15: 3 54,50 BaRv Ti0a(1,O)Rathead |12,06 45 Fe 16 5 
16,45: 2 T10 54,67 30 T10 Cr 166 12,60 TiO 5 
: = 16.80: 2 T10 55,30 35 T10a(1,0)Rbhead|12.97 4 T10 MgH u 6 
84.88: 8 C 17,00: 1 T10 56,07 2 T10 13.33 10 Cr 60 Ti 173 6 
: 17,25 7 Fe 1066 56,58 5 6. 
—Ti 157 17,44: 2 TAO 57.15 10 15.92 <1 72 
8 Fe 966 7°58: 57,32 60W Fe 318 Fe 318 40 Ti 5 Ti 38 
85.78 10 Cr 30 T10 1 DyII(sun) T10 14:82 6 (0,0)R 
85.981 TiO Cr 143° 3 Fe 1070 58,30 10 T10 Ti 52p Pe 968 8: 
86.51 19 Fe 1066 T10 18.38 8 Wi 177 58.75 11 T10 GdII 64 15.29 4 MgH(0,0)R 
86. Vv 50 Ni 158 18,72: 2 Ni 113? 59,15 13 T410 NdII 1 15.67 -1 TiO 6 
.03 10 Cr 143 19,00 30 Fe 318 59,66N 15 T10 Co 14 16.20: 45w Ti 38— 64 
87,33: 6 —T10 9,28: 1 T10P 4 16.92 10 Fe(Sun)? 
87,70 9 Cr 3l Zr 43 19,52: 1 62,10 l2w TiO Sr 4 u T40 6S 
88.55 12 Cr 51 Fe 1066 /19,85 12 T1 200 3 T10 17.55 16w Sy. 11 66 
89,04 Fe67,740 Fe985 |20.4 6 64,79 30w Ti 173 Cr 9 18.30 17 Ni 162 66 
20,56 45w Fe 318 65.36 17 T10 42? 67 
20,98 Ow LalI 7 Cr 143 | 66,00 26w Pe 687 T10 --|18,78 4 —Sun 
69.80: TiO Cr 617 21.78 17 Ti 200 LaII 7 66,71 26w T10 Co 14 19.20 10 cr 20 68 
° 3 22.26 15 Cr 143 67.38 30w Ti 5 T10 20,01 35 Ti 38 69 
90.85: 5 710 22.84  2w 68,06 3 T10 0:59 3 Sun— 
91°50 30 Fe 23.16 7 68.46 20 Ti 173 20.85 3 Fe 748 
25.88 8 —Fell 42 68,80 10 Fe 4 70 
1 2 24.52 3 72,97 25 T4140 TL 173 71, 
T10 24,78 15 Fe 1l 082 23 22.57 5 MgH(O,0)R 72 
25.36 10w Ti 157 Fe 1065 T10 Fe 965 T10 
x v .65 16 50 75,37 20 T10 TL 283 22,92 25 Ti 38— 72, 
92,80: 8 Fe 1070 TiO 26.16 16 Ti 39 Fe 586? *50: 
27.85 7 Fe(Sun) T410 77,66 30 T10 Fe 985 S271 38 75, 
4.20 8 V 118 T1O 2°33 14 200 | T1173 
28.89 9 Ti 39 78.18 Ti 173 26:43 Ow Ni 
Ro-head |29,22 2 T10 78.67 32 Fe 966 26°95 BaRy 76, 
29,65 3 T10 79,17 2 TL0 27.14 12 065 Fe 77 
95.86: T10 T10 130,08: 4 Fe 651p 79:60 8 T10 Fe 68S lz 78, 
30.28 10 Fe 985 Cr 259 | 80,10 25w Ni 112 T10 28.15 30w 78, 
96.8 3 TiO? 30:50 710 Fe 792 Cr 122 79; 
30.71 8 T10 81,78 35 Ti 38 TIO 28.86 13 
31,18: 2 T40? |82.39 10 TiO Fe 1067 low Fe 718 MgH(0,0)R 
31.48 2 T10? 82.96 20W Nall Fel067 TL0 80, 
98.43 5 32,.06:N 13 V 50—<— 83.83 8 Fe 1066 29,92 8 —Mn 20 T10 81,¢ 
32.23: 5 Sun? 84,21 12 TiO Ni 143 31.09 20 Fe 746,883 
oe 32.52 2 84,73 10 TIO SeII 23 82.) 
99°90 80 ft 2 T10? 32,84: 4 85,39 25 TiO Fe 984 31.94 10 Fe 1150 T10 82.4 
: T4187 7 |33,29 13 Fel065 smir(u)t| 96.02 T10 |32°35: 2 
a 34,08 40w BaII 1 Pe 1068 | 86.65 20 T10 MgH(O,O)R [30°77 4 Ni 207 83.3 
—~4900 34.59 5 TO 87,22 7 : T10 
.6 
38, 35.83 7 Ni 177 T10 89,10 24 TA 173 208 
an” 36.33 12 Cr 166 89,54 3 MgH(0,0)u T10 85.4 
00,96 8 Ni 98 TIO 36.94 3 Fe 465 MgH uf 
37,32: 8 Ni 114 90.42 20 T10 37.38 86.2 
37.73 20 Ti 39 91,08 35 Ti 38 37.87 Sw 86,7 
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> 


a Int. Ident. 
Int. Ident. A Int. Ident. Int. Ident, 
5000 87,05 28 TL 109 Se 13 
32,87 9 MgH u Ti 230 
7.46 4 YII 20 
$0120 20 687 low MeH(O,OOR (70,69 10 
MgH(0,0)R 
89,85 9 4:63 18 71,60 30 Fe 36 Ti0 
41.74 23 Fe 36C 90536 5 cb(M)? 240 
41:74 23 Fe 36 ca /90.78 18 Fe, 1000 | 35,12 13 MgH(0,0)R 
42.78  8w MgH(0,0)R 91.28 3 Col4’ 36,08 12 
43.55 1.85 15 Cr 20 36.44 12 (0, oe 
9S. Cr 20 u 
0.34 15" T10 
48.22 189 97.54 5 sun 39,60 30 MgH(0,0)R FeS83\82,28 16 710 (0, 
49,17: O MgH u 40,24 15 MgH(0,0)R 
50,36 3 41,14 14 u cr 201 
50.83 18 41.74 20 Fe 114 84, 2 
52.97 20 Ti 199, 00.20 3 Satt(u)t 85.73 90" 710 (3,098 
$3199 9 171,206 01205 18 MeH(0,0)R,@ | 45266 12 210 
56.3 Fe(M)? | 45 88,05 8 (0, T10 
ig 1160 16 46.17 10 MgH(0,0 90 
58.44 10w —Fe 506 06.20 6,87 5 MgH u Co 170 90. > 
6w MgH(0,0 48 TiO mMgH(0O,0)P 
(0; 0)R 48,76 is Mi im if 
60611 $5 Fe 1,1095 07,54 40 Fe MgH 
r 19 
61.45 10 Meil(2,0}9 08,20 5 —Mghu (| $< 93,01 45 Ti 4 T10 V 125 
62,66 1 02,05 14 u Cr 
09:56 20 Ti 109 Fe 1069 | 50,85 30 Pe 16 = 
1.26 9 MgH(0,0)Q 52.22 35 Ti 4 Fe 1001 
85.22 10 Fe 663 Met ut |12:86 18 ce 39 
65,95 20 Ti 110¢ 055 15 Cr 9 MgH(0,0)R | 53,51 17 MgH(0,0)Q Cu 7 MgH(0,0)P 
66.36 F 60 15.06 8 Gr 60] 53.74 10 
66.95 15w 
67,67 10 14,04 15 —MgH u 98.29 3 Mgl(0,0)P 
r 6014.60 13 LaII 36 u 54,67 25w MgH(0,0)R 
70.19 Sold MgH(0,0)R |17204: 5 00.30 3Ow T10 Cr 2017 
7.44 18 TL 110 56,69 18 Mgl(0,0)Q on 
72.17 9 Fe 1089 8.35 12 MgH(0,0)R 
TLII 113? 18.86 20w MgH(0,0 57,01 14 MgH(0,0)Q 
72.87 25 Cr 8 Fe 109 57,60 7 a Tio. 0)P 
u? 19,52 5 MeHu 57.99 Wi 111 
73.37 3 MgH(0,0)Q 58:27 0 usun: Fe 
73197 20m 20:38 20 58,65 10 Mgi(0,0)R 
73.97 20m 2r(M) 20.38 20 TL 258 u 89.08 Fe 1061 
7.2 20,87 8 wMeH(0,0)Q 50.24 11 MgH(O,O)R dow or 7 
76.55 15 22:13 20 cr 19 Ti 230 on 12 
77-21 26m Mell u u 25.67 GO" Fe 18 Cr 20 Co (0,0)P 
78,95 14 Fe 1092 24.49 (0,0)R 61.71 9 Of 66 #10 
79:21 14 Fe 66 MeH(0,0) 2:28 13 Fe 
Ti 
1106 6 WT 1o4 u $9 Remco, 
58 16 Sc 13 MgH u Co 170 Fe 1089 63 Co(0,0)P 
10 $6 ip 20 38:80 Bow Go 170 HO 
9 . 
83.7 
12 Se 13 Sw 65,50 13.78 4w T10 
oun 29.93 15 MgH(0,0)R 68.92 3 15.25 16 Fe 553 710 
MgH(0,0)Q 66.34 35 Fel’ 5 
15 |50,52 20~ mgi(0,0)Q | 66,71 BAR 
8.26 0 Sun WaII 75 16:01 
Ni 1 
mgH(0,0)@ | * Pe 880 T10 
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a Int. Ident, a Int. Ident. a Int. Ident. a Int. Ident, 
5200 57,50 12 T4(M)? 10.74 l2w —T10— 57,12 1 
Co 188 11.42 8 Zr 27 57.72 2 TSO? 
18,11 8 —Cu? | 58,06 © 140(0,0)R? T10? 58.10 1 
18547 4 T10 58.73 7 T10(0,0)P 12,83 3 Cr 225 58.75 BdRv T1i0a(4,4)R-head? 
19,04 68 TIO PrIIS7? | 59,61 15 =Ti0{0, P= 13.24 10 Ti 74 58.92 6 TLO Co(M)? 
Co 170? |60.34 9 Ca 22 3:50 2 T10(0,0)P 59.34 5 TO 
19,32: 6w —T1i0O Ga 67 |; 60,84 T10(0,0)P Mn32 13,72 1 TAII 81? 60,06 OW TiO 
19,72 25 Ti 4 61.69 17 Ca 22 14.19: 5 TO 60,85: OW T10 
20.16 6 Cu 7 TIO 62.21 18 Ca 22 14.45: 2 61.47 3 NaII 74 
20.68 6 TLO 63,06 2 T10(0,0)R? 15:03. 7 Fe 1147 T10t {61.65 Ti 35 Fe 1143 
20:98 11 T10 cr 201 63.30 20 Fe 558 Ti 183 | 15:60 1 2.70 Zr 27 Co 198? 
21.42 10 Fel /64,16 35 Cr 22 ‘|15.98 3 Fell 48 
21.69 12 TiO cr 193 64.76 0 —FeII 48 16.60 12w FeII 49 FeII 48/63.40 2w 
22.37 13 cr 206? 65.19 3 TL0P TL0 3.99: 2 
22,64 13 Cr 69 T10 65,66 29 Ca 22 Cr 18 17,15 4 T10 Fe 584 64.34. 2 TLO 
Ti 183 o 38 17.74 7 T10(0,0)P 64,89 9 Fe 1146 
23.22 12 Fe 880 TL0 65.93 10 Ti 156 /18:30 3 Sell 22 5.43. 9 Fe 786 
23.62 8 Ti 183 66.54 22 Fe 383 Co 83 | 18.68: 8 Cr 225 cb(M)? |66,02 
24,16: 20w Ti 37p TL 183 TL S6p /19.37. 3 T4L0 6.66 10 Ti 35 
T10 Cr 201 3 T10 19.84 10 NaII 75 67.50 9 Fe 1146 
645: 10 T10 Cr 59,193 | 68.64 7 Co 172 T10 20,01 3 Fe 877 68.02: =1 
24.96 12 Zr 277 69.04 3 20:62 6 T410(0,0)P 68.43: -1 
Cr 201 TiO 69.55 38 Fe 15 | 21,15 8 Fe 1165 T10? 69,01: -l 
25.55 33 1 70.35 26 Ca 22 Fe 37 | 22,03 15 Fe 112 9.57: 15 Co 39 Ti u 
26.08 6 TIO Pe 716 71,538 4 7T10? | 22,74 S$ 35 70,00 10 Fe 1146 Ti0? 
26.84: 30w Fe 383 Cr 193 | 71.98 O Cr 225 23.54 0 T40(0,0)P 70.48 2 TL0P 
Cr 59 T10 72.29 6 T10 | 23,95 20 Ti 36 \|71.50 45 Fe 15 
27.23 35 Fe 37 T10 73.17 10 Fe 553 24:11: 25 Fe 553 late =k 
27.60 2 Cr 58 T10 73,37 12 Fe 114 | 25,05 © T40(0,0)P? ~|72.64 4 
28.42 16 Fe 1091 T10 74,20 1 CeII 15 | 25,62 2 Pell 49— 3.72 7 Fe 1166— 
29.14 T10 74,61 2 T10(0,0)P | 26,14 5 Fe 407,785 74,40 O 
29.69 5 T10 75.23 11 Cr 94 Sun | 26567 3 7T40(0,0)P 74,84 O Ti0? 
29,84 11 Fe 553,1 75.72 10 Cr 94 Fe 1147? 75.30 4 Se 19 
30,19 13 Co 39 Gr 58 T10| 76,11N 11 Cr 94— 27,15: 0 75.75 0 
30,56 76.92 3 4 27,98 40 Fe 15 76,06 
30.95 11 Ti 215 T10 77,40 4 Zr 27 28.56 40w Fe 37 cr 94 =|76.60 20 3p 
31.41 13 Fe 787 T10 109 29:15 7 cr 94 7,03 -2 LalII 95? 
31.95 13 —T10 ~| 78.70 4 29:84 8wCr 94 Fe 1023 (77.64 5 Mn 42 
32.91 26 Fe 383 79.44 8 TL /30.41 4 V(Ms) T10? 78.24 O TiO? 
33.27 12 —T10 80,41 Fe 880 (31.00 0 T10(0,0)Pt 78.83 Fe(M)? 
33.77 18 T1 37 T10 81.80 13 Fe 383 /31.43 8 Co 39° 9.55 6 Fe 928 T10? 
34.14 15 V 131 Narr 74 | 82.39 12 Ti 74 32,04 el T40 0.18 0 
34.61 10 T20 FeIr 49% | 83.02 9 Ga 6? 2,60 5 —Fel031 Col70%/81.12 17 Co 56 69 
35.31 16 T410 Z 16w Ti 156 Fe 553 | 32,68 35 Fe 36 : PriI 37 
35.44 15 Fe 210,1031 ri0| 84.40 9 T1 74 Fe 842 33.70 4 Sun 1.82 0 Co 196 
36.16 1 Fe 1034 85,14 2 Sun 34.15 3 SeII 30 T10? 82.34 O Zr(M) 
36.46 4 T10 85.66 7 T40 Cr 192 34.82 5 Co 191 T10 82.90 1 —Ti 155p? 
37,00 8 T10 86.14: O TLOP 5.40 2 TiO? 83.38 10 Fe 1146 V(M) 
37.42 18 Tio or 206 87412 Sw 36.04 6 Co 191 83.74 0 TLO 
. : 6,50 : 
$8.85 25 71 57,188 T10 | 98.00: 1 710(0,0)P TAIT 69 10 35 
38.95 6 or 59°T 88.48 3 Fe 929 37.15 0 110(0,0)P 85,13 7 Zr 26 V(Sun) 
39.33 4 88,82 T1(Sun) 37.42: 1 T10? 5.85 2 
39.84 20 Set 26 7137 | 89.28 15 Ti 36 37.72 2 T40(0,0)P 86.32 2 Fe 1064 
40.37: BaRv T{Oa(1,1)R-head| 90.46 5 FeII 48 6.64. O Zr(M) 
40:53 15 90.93 7 6— 38.32 12 Ti 35 6.96 3 Fe 875 Cr 191 
40,86 15 V 131 T10(0,OP | 91.98 5 T10(0,0)P? 70 
T410(1,1)R PriI 24 39.61: -1 Co 199%— 88.47: 2 Mn 36 
41.18 3 110(0/0)P 92,62 l0w PriII 37 T10 39.96 12 Fe 553 89.17 10 Ti 35 
° 6 Cr 59 T10(0,0)R | 95.15 & NdII 75 T10 40.40 O Cr a2 89.55 3 Fell45 DyII(Sun) 
42.10 —110(0,0) 95.54: 0 Cr 192 710 40.66 3 T13 9.99 5 TL 155 
—Fe 1 om 
45,18 3 1710(0,0)P T10 42.60 <2 91.07 5 155pt— 
43.36 3 Cr 201 95.29 4 Fe 1146 T10 42:71: 0 Co 190 91.50 10w Fel062 Cr191 
43.73 10 —Fe 1089 95,78 15 Ti 74 42.92 8 Se 4 92.11 4 Sc 19 T10 
44,18 5 1T10(0,0)P 96.19 <2 43.40 3 Co 190 92.77 -2 
44.53 0 96.70 25 cr l 43,82 |\93.23 20 Fe 553 V(M)— 
44,96: 6w T10(0,0)P 97,32 20 Cr 9471156 | 44:14 cb(M)? TL0 93.85 0 
45.70 2 710(0 98.22 50w Cr 18 44,69 5 T10 Cr 225 94,22 -1 T1(Sun?) 
46.20 10 98.82 Fe 875 45.19 <2 94:68 
0)P— 99.51 -2 zr(M)? 45.80 40 Cr 18 5.28 
46.81 16 99,95 15 7 46.48 -1 1410(0,0)P? 95.55 0 
104 «35 183 | 46.93 -1 —T10(0,0)P? |95,93: zr(M)?— 
47.60 25 tr 16 ———+-§300 -1 6:21 —TiII 80— 
47.85 4 T10(0,0)R | 48.31 35 or 18 96.61 20 TLS 
48:32 10 Ti 37,156 00.74 22 cris 48.87 0 97.16 40 Fe 15 Ti 155 
T10(0,0)P 01,03 10 Co 39 49.39 20 8017Ca 33 (97.66 O Fe 
48,97 17 1166? 01.48 (0 9.67 12 Sc 4Fe 1163 |98.30 4 Fe 1145 
49.55 75 01496 10 So 4 tall 50:29 Tio 8.88 1 
50.89: 14 T1 37 03.27 5 T10P 51.62 0 5400 
53.49 12 |05,95 6 T40 53.39 15 Fe 1062 Ni 70 [01.93 4 V 130,139 
54,06 1 TiO? Oo 198? 2 
54:98 SO Fel 07.56 20 Fe 36 54,10 0 —-|02372 8 680(Ms) 
54.40 Mn32 NAIT 43 07,82 4w T10a(3,3)R-head| 54:56 1 103328 Ow TLO? 
86.78 16 06 346 5,02 03:85 6 Fe 1029 
56.25 2 09.28 5 Ru 10 T40 55.72 2 so 19 04,09: 10 T1259 Fell65 
2 66,08 7 So 17 04,95 2 —Cr 191 
10,56: BdRv 56,61 <1 T10? 105235: O Fe 1162p? 
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a Int, Ident. | a Int. Ident.  & Int. Ident, a Int. Ident. 
| 
5400 100,66 12" 7100(2, [48.44 §& NAIT 73? 
05.80 40 Fe 15 T10 |01.48N 35 Fe 
06.36 9 Sunt (83,72 Mice tio T10 49.58 2 Se 15 
07.44 25 Mn 4 | 55,65 Sow Fe 15 Fe 1145 | coe? 
06:11 2 Coll2 | 55.93: 15 83 (04.92 8 (Sun) T10 51,05 3 TiO TA(M)? 
09,00 20 T13 Fe 1147 | T1(Ms)p? 05.47 4 
09.68: 20 iss | 56,57 10w Fe 817 T10 12 4 51.81 4 T10 
09.80: 28 or 18 06.75 Sow Fe 15 52.23 4 TLO SeII 257 
10.89 4 Fe 1165 | 57241 15 Mn 4 T10 [07-73 6 V 129 4 
11.45: O SmII(M)t— | 6 Tio 108/42 7 Sun T1O 53.65 12 Fe 1161 Ni 6 
11.935 O T10? 60.53 25 Ti 3 09:07 6 
12.38 | 60,96 10 TiO Pe 464 [09.51 2 |54.80 10w Pe 1183 T10 
12.76 1 —Fe 1162p? 61.66 10 710 Fe 1145 09485 6 19 wi 190 61 710 
| . | | 56.2 
13.66 1 Mn 42 | 62:48 10 TiO Ni 192 : 
14.2 Baw? 63.34 T10 Fe 1163. 11.81 6 108,275 T10.57.43 8 V1 
14.65 (63,96 12 TL0 Cr 204 12,19: -1 Tio? 58.03 T10 Fell63 alé 
18.22 11 Fe 1165 150 64,24 12 T10 Fe 1030 12.54 15 Tt 106 710 58470 V 77 THOT 
16,08: 9 Se(us) | 66.53 10 ¥ 12 TL0 2 | 
16.54 0 Se(us)NAIZ 80% | 67.05 TL0 Fe7E4,817 14.45 40w 106 71 106 (60,20 1 Fe 1164 
17.02 1 Fe 1148 |18,08 10 var 
17.16: 0 68.46 8 —Ti0— 3 T10 
18.01 4 V(Ms) | 68,81: -1 T40 
18.78 Zr(u)? TAIT 69| 69.33 TL0 Co 56 3 T10 62, 
18.78 9.33 (62.72 8 Fe626,1163 T10 
20.36 25 wn 4 10,64 25 (17242 
21.04: lw 6t— 16 TL 106 17.8 <2 T10 64.20 1 
| 4 TiO Ti(m)? |64,.72 4 Sc 18 Ti(M)? 
21.60: 1 79 V(Ms)? 72,75 6 T1107 Fe 4 
22°50 0 | 73,09 Ow | 23290 7” 18. Be ste 
23.44 O 73.47 8 TL 259 21.57 Sw TiO Sr 9 
24,08 10 Fe 1146 v(Ms) 73.92 1 Fe 1062 18 Fe 686 
24.65 5 Ni 70 | 74.22 20 T4 108 22.56 pe see 
| 14-88 80 22. TiO Fe 1108 | 70,02 =-1 Fe 345p 
25.41: 2 | 95526 3 V 2p TIO 
26.27 25 Ti 3 | 75.71 10 T10 25,48 5 Fell07 
pFe1062 | 72,85 22 Fe 686 
20.38 0 S | 80.85 6 MO Fe 1062 27.99 2 10, Tio 
29:70 40 Fe 15 81.39 20w wm4,31T1265T10 28.7 5 TiO 76,09 10 
30,372 81,90 15 Ti 106 so 16 | 29,17 
30.872 81.90 15 T1106 (20017 6 tio 76,51 
31.44 2w 80 | 82.76 3 T40 
32.54 30 ml | i = 
83.39 12 Co39 TIO om 
| 31.19 80,31 5 
32.96 O Fe 1143 84.10 § Tio 1.74: 3 
33.67 O T40P 84,64 2 Sc 16 32.20: 3 
34.54 35 Fe 15 | 85.00 1 T10 
35,16: O T2107 
36.30 O Fe 1162 86,51: 2 T10 - 
36.68 20 T1 51 Fels | 9 33.61 ww) 
37.16 4 =Fe 1145pt 87.10 6 Fell4s? T10 34,30 4 5.2 
r(M 7. 2 
36.30 9 Ti 108 
38.30 9 88,28 15 71265 TiO 626, 26.78 18 Fe 686 
39.05 8 TA(Ms)? 
$2.08 8 TA(us) 90.15 12 TL 107 36.54 8 Fe S45pt T10 (87.87 20 70 
| 92-85 6 T10 |37.74 20 Mn 4 '89,30 2 205 
41.39 2 Fe 1144— | 92077 12 T10 89.72 4 
(92677 12 & 90.14 12 Ca 21 
42.34: 7 WNaII 76 cr 204| 93.92 6 T40 
42.51: 3 So(Ms)? | 94011: 5 
42,73: -1 | 94,34: 4 T10 Fe 1024? 
43.44 Ow T10 | Se 100 wi 981 
44.15 Mn 95,40 3 TAO 40.9 Se 
44,62 0 Co 196— | 95,80 2 
45.02 9 Fe 1163 (95:94 9 V2 TIO 12 95:89 
46.19 0 se(Sun?) | 96.53: 1 
45.65 30 T1 3 cr 204 | 96,90 3 42.69 5 
46.98 35 Fe 15 Fe 37p | 97.51 30 Fe 15 43.18 97.81 
| 97-82 $0 Fe 25 (43. 6 Fe 926 T10 (97:77 48. T1091 220 
47.95 0 zr(M) T10a(0,1)P 44:00 Fed 40 
48.35 11 | 99,00 §& T10a(0,1)P 45.08: <1 
48.88 14 T10 Ti 269 710a(1;2)R | 45.52, 0 
; Tt 107 | 99,98: 12W R '45.93 6 V38YII27 [00,07 18 T10 sun 
46.44 6w Pe 1145 T10 "00,65 2 TL 
,1)Rohead 47,07 15 V 38 Fe 1061 ~/01.32 25 Ca 22 V(Ms) 
47,86 01,85: 1 


Sr 9 N4II u™™ 5500 
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5800 61.47 tio 16,12 12 Ti 228 231 87,55 
02,04: © 62.10 12 Ti 249 10 
02.41: 0 62.51 3 Fe 1087 16.40 7 Ti 249 2 T10 
02.85 28 62.90 6 Ti 269 Fe 924 | 16283: <1 
03:31: -1 T10 YII 38 17:28 So 12 T10 90.67 9 8 
1105 0,0)0-head 63.42 0 17280 Fe 1107 91,02 10 Cr 188 Fe 552 
3 305 8 Cr 203 T10 ARV | 91.44: -2 
04.94 18 64.55 9 47 18,28 =—T10- 91,81 Cr 243 
T10 65.39 Sw 18:95 Ow 92.20 1 Sun 
09,08 § Fe 66.20 19:80 6 Cr 119 93.06 2 T10 
T10 
7 Fe(Sun) 24 
12,7 4 Ti(m)? 67.91 -1 fovaiss 5 6o— 
3 10 68,38 22 V 37 25.27 O T10 96.80 O T10 Cru 
14,80 4 TIO Ni 250 69,02 3 —SoII 29— 25.65 5 V 135 97.74 12 Zr 
15.26 20 Fe 209 69.67 3 26.30 T40 
15567 25 Fe 686 70.21 0 27°04 28 V 35 96:52 Sun Cr 17 
J 3 
17,07 5 TiO Fe 626 71.25 -2 TAO? — a 
17.60: 4 TH 72,82 18 se 12 31.26 25 
T10 
2563 TiO 33.9) 
19:05 T10 74.75 tiot | 342231 
19.56 Fe 1161 | 75.42 10 Ti 249 35,69 10 zr 4 04,08 6& Fe 9 
BARY 36.40 -1 T10 04.40 
20,16 20w Zr 25 Fe 1026 | 78,30 -2 T40 Fe 
20.65 12w Fe 1061 Ti0 78.65 -1 Fe 113 30°20 
2 3 Fe 118s 39,05 Ti 249 06.37: -lw T10 
22.16: Iw V 85 79.46 -1 59.45 6 228° 06.67 4 Pe 1180 
3 Ti 269 
24,07 3 Fe 1160 80.26 Fe 1006 | “1 
24.86 16 V 37 80.87 3 —zr 25 
25.40 2 T10 Ni 2218 81.26 Cr ut T10 41.91 4 Fe 1086 710 | 09: y 
26,02 14 V 37 | 81673 Ti0 2 T10 
26.74 0 TLO 82.26 1 Ni 232 43.44 17 V 35 
27,09: -1 Fe 1084? 82.63 15 Na T10 
27.60 20 V 37 83.22 2 V(M) 47.79 3 T40 ¥(Sun) 
28.19 2 83.64 2 T40 48.36 8 Wi 45 V 127 12:84 1 
28.66 TiO Cr 205 84.16 8 ScII 29 48.89 3 V 92 
29,10 BdRv T10B(1,1)R-head | 84,66 1 —T10 3 TL0 
708 (0, 85,17 50,70 3 TL0 v(Sun) 14.48 0 
20.53 710 ZrO 88.75: -2 51.41 0 Mo 5 14.79 BaRv 310 u 
T10 
“3010 2 22 86.57 8 Fe 1182 it” 
84 
86.84 10 So 12 55:1. Fe i107 T10 | 16.58 8 Pe 1179 
33,18 2 T10 88,18 12 S 20 Mi 68 Fe 666 
33.94 ow #10. 88.55 4 TiO NaII 79 55.62 lw 10 
Co 90 
56.58 5 T10 Ti 220p 23.77 6 Ti 
Fe 1088 89.48 
T10 Fe 868 91.48 2 Fe 108 
37.10 Sw T40 Ni 218 3 867 
37.65 T40 Co 195% 94,35 7 —TiIO— 60.85 2 Ni 2317 
$8.21 6 Fe 1087710 9466 Ow cr 250 61.42 8 V 35 
39.16 <1 96.32 11 wigs 
3 62.52 Ti 300) 31.59 1 Wi 233,250 
40.16 0 7 98.06 Fe 967 5 T10 33:07 4 710 Fe 209p 
35 
2 
Hi 60,38 ow = LaII 70? $6,088 -2 
0 
"5700 72.40 4 92 38,01: -2 
45.20 4 Gar 5 00.17 16 $0 12 cu 2 74,05 7 309 
44.13 20 T1 240 00:95 0 
45.76 02.27 5 Cr 203 76.70 20 V 36 ot i 
46.12 12 37 02.62 5 Ti 249 Fe 866 2 
03.59 2 
47,16 9 Go 112 3 220 
T10 05.30 Fe 1087 T10 
48,61 10 T1 269 06,05 5 Fe 1185 Fe552,922,1159 | 44; 
49.11 3 T10 07,00 20 V 35 Pe 868 81.23 3 Or 119,188 oe ea 
49.62 3 Pe ese Ti0 |, |07.62 -1 81.74 2 
T10 «9 Ti 249 82,15 11 Cu 2 
Sw T10 Fe 1108 |08.59 7 Se 12 82.62 2 V 35,127 
T10 08:96 8 vV(Sun) 83.15 5 Cr 168 T10 
.97 10 T40 Fe 1159 09.48 23 Fe 686146 | 83.83 6 T10 Cr 188 
54. 7 T4140 10,00 1 84.33 2 V14l 
10w T10 Fe 1107 10,50 -1 84.70 2 Fe 686 
P40 84.70 2 Fe 686 48,11 10 Fe 552,1175 T10 
57,40 12 V 37 T10 11.79 23 Se 1271 249 | 85.38 2 Pe(Sun)t— 
57.89 4 SeII 29 T10 12,07 6 W169 Fe6e6 T10 | 85.95 20 Ti 309 Cr 
°68 Fe 686 Fe 686 (12.80 6 Cr 119 T40 . Gr 17% 
59,15 8 T150Coe2 |12.99: 4 
4 
14,09: 1 TLO 87,02 3 Cr 119 T10 62.32 9 T1(Sun) 
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3 T10 71.72 -1 T10 

5800 20.46 6w T10 Fe S61 6000 72:15 <1 

52.77 O 2 T10 00,02 1 Fe(M)? 72.58 4 

53,18 8 Fe 35 22,11 15 TA 72 00,43 O 73,15 3 

63.73 15 2 3 T10 00.95 2 T10 Zr(M)? 73,71: soO? TL0? 

54.43 O 24,35: 1 01.51 2 T40 74.78: O 

55,09 5 T410 Fe 1179 24.64 5 V(M) T10 02.19 6w V 49 75,56: -1 ScO? T10? 

2 T10 5,18 3 T40 zr(M)? 02,58 5 V 34 Ti 198 76,30 3 SscO? TIO 
56.22 3 Gd 3? 9 T10 03.03 6 Fe 959 T10 76,84 2 SscO? T10 
56.95 2 T40 30.27 5 T10 Fe 1180 03,62 T10 77,38 3 V(Sun?)? T410 
57.45 15 Ca 47 30,92 3 04,29: T10 800 
57,90 2 T10 31,52 2 T40 04,96 T10 Co 37 77.77 1 ScO T10 
58.14 3 Ti0— 32.15 8 TIO TA(M)? 05.55 3 Fe 207,1079 78.48 5 Fe 1259 

2 T10 33,04 2 T40 Fe(M)? T10 78.97 -1 Fe 1176 
59,52 9 Fe 1181 33,78 3 T40 2 T10 79.29 ScO¥(0,0) 
60.21 5 34.41 4 07,30 6 Ni 42 T10% 80,24 Ow ScO 
60,65: lw TiO GaII 58 34,61: 2 Fe 982 07,94 3 Fe 1178 T10? * 

61,02 4 TL 5.17 6 Zr 2 T10 é 5 Fe 982 V 49 81.45 19 V 34 
61,78 Sw Ti0a(2,4)Rahead| 35,53 4 4 T10 82.30 O T410P 
62,38 10w Fe 1180 36,25: 1 T410? 12,19 4 Fe 64p 82,73 10 Fe 64 
62.81 8 T10a(2,4)Rbhead| 37,02 3 —Ti0— 12.76 3 T10 O T10? 
63.36 6 TLO 7.78 15 Ti 72 13.46 15 Mn 27 83.60: O T4107 
63.97: 2 T10 Cr 185 3 T10 2 T10 4.19 2 T10 

4 T10 40,65 20 Tt 15,20 2 T10 Fe 63p? 85.28 20 Ti 69 Fe 269 
66.44 SO Ti 72 41.34 2 T10? 15,70: 0 6.21 2 TiO Ni 2497 
66,98 9 T410 41.78 20 Ti 72 16,54 9 Mn 27 T10 86,80 1 T40 
67.57 4 Ca 46 T10? 42,68 6 T10 17,02 4 T10 |87,.54 1 V 33 T10 
67,96 1 43.47 tw Fe 63p 17,66: 2 88,20 O T410 
68,40 2w Zr(M)? TiO? 44,11 3 T40 17,86: 2 V 49 T10 ScO%~/88,90 TIO 
69,01 3 T10 44,65 16 Ti 2 18,36 5 T1198 ScO? 6 V 33— 
69.47 1 Zr(M)? T10 7 T10 18,62 7 Ti 70 90,22 20 V 34 

6 T10 49,06 BaRv? TiO u 19,34 2 T10 0,62: 
72.74 9 T10 Fe 552p 49.25 9 Fe 14,1176 20,04 11 Fe 1178 Fe(M)? | 90,92: -2 
73.56 4w TiO Fe 1087 49.51 7 TL 2 T10 1.19 9 Ti 238 

T10 TAO TA(M)? . 21,78 12 Mn 27 1.87 TLO 
77,23 1 GAII 949 3 Fe63,1079,1085 | 92,56: ScOII(2,2)R-head 
77.78 ‘tw TiO Fe 1083 52,72 1 Fe 959 T10 2 T10 2.78 6 Ti 153 

T1i(M) 53,18 11 Ti 154 23.35 3 ¥ 3 93.18 5 Co 37 

3 T10 1 T10 24,09 Fe 1178 Ti0 93.59: 0 1177 
79.79 3S Zr 4 54,56 6 TiO 24,95: -2 93.87 2 V(M) 
80.23 10 Ti 71 Fe 1201 | 55,05: BaRV T10 u .27 2 T40 V(Sun)? 94.41 O Fe 1177 
80,72 4 T40 55,26 13 T40 zr 3 25.75 O T410 3 T1O 
81.29 7 T10 Fe 1178p | 55,73 2 TL0 26.18 O —Sc(M)t— 96.67 3 Fe 959 T10 
81.88 5 T10 Fe 63p? 56.16 3 T10 27,04 ‘tw Fe 1018 T10 97,18 6 Fe 64p— 
82,35: O T410 56.70 18 Fe 14 4 10 97,50 8 V33 T10 
82.67 4 2 30,58 3 T10 Mo 98,18 2 T40 
83,29 5 58,26 7 T10 Fe l4p 31,16: -2 T410? 98.67 3 Ti 304 
83.94 ‘tw Fe 892 TIO 63p? 64 12 2 3 T10 

3 TLO 58,96: O T10 
85.55 Zr 2 59,58 —TiO— 32,56 2 Zr(Sun) ——+@100 
86,00: O T10 5 T10 
86.28 3 62,65 BdRv T10 u 36,04 BdRv ScOIII(0,0)head| 01.73: -2 T10? 

86,70 1 62,80 4w 36.28 12w ScO e124 Fe 1259 
87.38 7 63.54 6w TIO Fe 63 36,78 ScO 02.72 20 Ca3 
88,14N 6 T10 3 T10 37,20 2 T40 03.26 3 Fe 1260 
88,81 4 Ti0— 65,64 12 Ti 154 37,73 -1 04,02 1 T10? 

89,87 9OW Na 1 é T10 38,08 1 04.65 2 V(Ms)? 

91,35 6w TiO Fe 70.77: -1 T10? 38,61 2 ScO? 05,11 -1 T10? 

92,14 5 —T10 2 T10 39,24 O T40? 05.61 O T10? 
92,87 10 Ni 68 T40 72,05 4 T1O 39,70 16 V 34 06,40: O T10 

93.60 lw TiO YOI(O,O)head | 40,22: -1 96 V 60 T10 

94,08 5 6 10 40,61: 0 07,52: -1? 

94,64 2 T10 75.30 3 Fe 1017,1260 | 41,27: -1 08.13 13 Ni 45 

95,05 O 41.94 3 TiO Feu 09.18 5 V(Ms)? 
95,86 90W Na l 2 8 T10 09,89: 4 ScOTIT(2,2)head 
96,52 3 T10 76.77 4 Fe 959 T10 48.66 2 TIO V 49 T10 

97,02: -1 T40 2 TL0 49.41: 3 Sco? 10.20 ScO T10 V(M)? 
97.53 3 TL0 7.55 11 Ti 154 49.76: O 11.11: 0 
97.87 4 T10 2 TiO 4 T10 11.64 19 V 34 
98,52 6 TO 80,83 8 Ti 72 V 49 52,64 1 Zr(M)? 12.35: 
99,27N 40w Ti 72 2 0 53.74  6w T1O (12.94 -1 SoO 
99.98 * 54.74 8cO T10 

83.49 lw T10 Fe 1175% | 55,22 2 T10 4,08 4 ScO T10 
—-5900 84,00: O Co 372% ScOII(1,1)head |14.67 3w T10 
84,60 23 Ti 2 Vv 49 55.85 Sw TiO Fe 1259 5.27 -1 
00,58 8 Cb(M)? 84.73: 5 Fe 1260 56.34 T10 ScO¥(1,l)head . 

4 T10 3 56.99 CrO(0,0) (16,16 10 ni as 
01,78 8 TO Fe(M)? 87,05 4 Fe 1260 T10 58,12 11 V 34 6.99 4 T10 S00 Co 37 
02.15 O T10 Cr 119% | 87.67 58.77 2 70p? 17.64 0 
02.48 2 T10 YOI(1,1)heaa 6 T10 8.21 1 
02,86: 2 T40 88.45 S Ti 154 So(M)? | 62,82 8 Fe63 Zr3 Crl85 (16,83 -1 T10 
03.54 10 Ti 72 5 O T4108 63,36 3 T10 9.52 17 V 34 
03.90 3 T10 2 T10 64.63 14 Ti 69 20.25 6 Fe 14 

BdaRv u 90,60 7 —TiO— 65.48 15 Fe 207 20,98 6 TL Zr 24 
10 0 91,35 2 TO 66,00 =1 ScO 22.21 22 Ca3 
10,00 6 Fe 552 T10 91,87 11 Co 90 66,36: -1 ScO 3 T10 

6 4 T40 67,20 3 vV(Sun) scO 24,82 3 Zr 24 
13.7 12 95.18 3 67.68 2 T40 ScO 6.22 16 69 
14.14 8 T40 Fell80,3181| 95,60 3 T10 68,10 0 26,91 -1 

2 TL0 96, 2 Ti 154 8,58 4 T10.Sc0 27.44 8 Zr 2 T10 
15.64 3 Co 82 2 T10 69,27 2 T410 ScO 27,93 2 Fe 1027,1082 
15,96: © T40 97,82 6w Fe 1175 T10 69,86: -2 T40 28.39 T10? V 33 
16,24 4 Fe 170 98.52 1 T4LO 70,30 1 SoO TL0 29,00 6 Mi 42 

4 10 99, 4 Ti 198 70,70: 1 10 29.54 O LalII 47 
18,54 14 Ti 71 99.62 3 Ti 227 TIO 20 T10 30,25: Ow T10 
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Int, Ident, h Int, Ident, Int. Ident, Int. Ident, 
6100 04.63 3 Ni 2267 65,16 12 Fe 62 46.89 2 —Ti0— 
05.10: 6 TiO? 66,20 14 V 20 Ti 144 47.70: 1 T10 
T10 _ 105.57: 4 66,83: lw TL0 8.05: 1 T10 
32,08: T10 YO¥(0,0) (05.94 3 68,11: 7 [48,52 2 
33.22 0 T410 06,39 2 TiO Rb(M)? 68,84 14 V 20 9.49 6 
33.94 TLO 06.86 2 T10 69,54 2 T10 50.43 4 
34,56 7 Zr 2 3 T10 V 20 70.28 3 Fe 342 51,19 BaRv? T 
35.35 15 V 34 T10 71.23 5 Fe 685 T10 ZrOy(O, O)X>-head 
35.93 0 09,37 2 71.85: 0 T410 51.33 § ZrO T10 
36.59 17 —Fe 169 09:04 12 72.56: 3w 52,12  3w 
37,01 9 Fe 62 10:74 30 So 2 T10 73.39 12 Til 52,96 1 T10 
37.71 15 Fe 207 1,53: 2 TiO? 74.69 13 V 19 53.36 0 TIO 
¥ 3 T1197 11:85 llw T10 75.55: 3 T10 53.85 3 Fe 13p 
2 710 12:92 llw T10 zr 24t 76.33 3 So 2 54,48 1 T10 
40.42 3 Zr 24 T10 13:43 4 Pe 62 77.15: T10 65,08 7 Fe 342 
41.01 1 3.88 9 V20T10 _| 77,68: 4 TiO Ti 144 55.83 2 T10 
41,73 18 2 Fe816 Me 12 T10 3 0 56.41 1 
42,48: 14.81 BARY T10a(2,5)Ro 80,65 20 Fe 13 56.97 © T10y(3,1)Ra-head 
43:23 10 zr 2 15,09 2Qw T10 Fe 1018 81,34 0 57,45 T10 V 84 
44,08 Ow T10 Ti 293 82.36 Tt 58.14 LalI 47% 
45.53 -1 T10 15.85 5 T10 82.76 7 T10 Co 37 58,72 21 Fe 13 
46.22 68 Ti 153 16,36 22 V 19 T10 83,50 T10 59.40 1 
47.80 3 TiO Fe 1016 T10 84,08 4 T10 59,92 13 Til 
48,60 BARV T10y(5,2)Ro-hewd |19,27 12w ve 62 T10 85.16 18 V 19 60.34: -1 T10 
48.82 20" T10 19,95 3 9 T10 60.71 0 T10 
49.25 5 T10 20.44 2 T10 Ti 293 92,85 22 V 19 61.43 3 TiO Ti 196 
49.70 5 Ti 197 21,00 6w T10 Fe 958 94,02: 10 61.74 2 T10 
50.18 16 V 1,58: 7 Pe 13 Pe 981 | 95,16: Ti 1 T10 62.31 1 6f Se 
51,61 13 Fe 62 V 33 22,13: BaRv? T10 u 96,58 3O V19Ti1l 62,92 15 Cr 6 Fe 1019 
2:51 20W T10 2 97.81 10 Fe 62 63.75 Sw TL0 
54.21 4 25.36: ow TiO 3 T10 64,24: 0 
Ni 228 T10 64,85 16 TL 
56,00 3 TL0 Ca 20 24-49 11 V 20710  —+-6300 
T10 66.37 18 T1 103 
57.74 10 Fe 1015 zr(Ms) |26,68 4 Pe 981 ‘ 
(27:67 8 Ti(m)? 8. 
59,68 28,53 3 T10 69.33 5 —T10 
60.18 6 T10 Zr(M) 29.20: T10 Fe 342 | 69,86: 0 
60.75 10 Wa 5 ZrOy(0,0 Ra-head 6 TL0 ip| 70.29 O —Ni 127? 
61.32 8 Ca 20 30.3: 4 7 70.91 3 —Ti0O— 
62.94 3 TiO 37 12°94 3 T10 Z 65 71.786: 4 T10 
65,66 low Fe 64 4 T10 Se S 6 72.21 0 
| 32. T10 
65.44 T10 Fe 1018 | 32,75: O Pe 816? a 
66.05 6 T10 lw V 20 1015 15.73 1 
66.59 10wCa 20T10 134,07 6w T10 76,20 4 T10 
3 10 |34.78 Sw T10 on 76.65 3 —TiO 
69,10 Ca 20 T10 35,32 2 TAO Ti(M)? 77,38 TL0— 
69.69 lé6w Ca 20 T10 35.94 —T10 77296 0 
70,46 23w V 20 T10 Fel260.36,46 1 10 108 78.30 6 
72,75 11 LaIl 4 |37,70: 19°83 78.82 10 Sel 
73.44 20 TO Fe 62 38.10: O Tio? 8 79.46 T10 
74.13 BdRv Ti0 u 38,56: -1 T40? 0:27 2 T10 
75,60: 39.82 5 Se 3 — 
75.94: -1 T10? 40.23 4 V20Fe 1015 | § Fe 207 82,7 6 TLO 
76.29: 40.70 7 Fe 64 T10 23°23: 0 #10 83.26 
76,80 2 Ni 228? 3 T10 24°45, 1 10 83.89 0 
77.31 2 Ni TIO 42,96 V 19 V 19 25-16 20 l 84.22: BARV 
0 3.78 1 26°02: 64.45: TiO 
80.36 10 Fe 269 T10 44.22: 2 26°89 84 wart 
2 Ti 44.80 2 T10 27°59 2 Ni 44 85.74: 0 , 1253: 
61.81 2 V(Ms) TiO 45,19 5 V 20 28 42 P10 ? TL0 
2 T10 5.66 3 Soll 28t | 99°04 87,10 1 
83.21: BARv T10 u 46.33 7 Fe 816 T10 .s| 99°54 1 87.61 4 T10 
5 T10 47,47: T10 Fell 74% | 30°14 Cr 6 87,92 2 
86,25 BaRv T10 u 3 30.84 Fe 1254 2 
86,50 T10 197 19,64 7 Fe 32.36: Ow T10 Sc(M)?  |89,08 5 T10 
33.2 0 9.87 1 SmII(u)? 
88,15 8 Fe 959 51,84 22 V 19 T10 
88,80 9w T10 Co 37 52.56 8 Fe 169 
89.38 V 20 53.12 4 T10 2 
T10 $3.83 3 35,38 17 Fe 62 
. 
92.66 8 T10 zr 26 56.89 9 V 19 a — oe 
93.43 5 TIO 57,42 1 
95.76 710 Se 3 57.80 72 40.04 3w 95.50 
208: 1 104 40,96 2 95,90 
97.74 11 Fe(M)? 58,68 20 4 
$0.18 us ¥ TiO 59,59 0 42.90 2 T40 
60, 
61.1 
6200 v 20 44.67: BaRv 98,96 2 LaII 104% 
é T10 64,70 6 TIO T4 144 6400 
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Int. Ident, 
6400 ° Ident 
59.121 2 h Int, Ident, 
1s 290: 2 16 t 
00,94: 60.75: 2 16.11 10 Pell 40— + ‘Ident. 
02,02 2 61.74: 0 17.67 —Tidy 8 Fe 34 
02°31 3 Y2 62.63 25 Cals 18°35 1 T10 Ti(M)? 1,83 -1 TiO 
03.42 10 63.89 5 Fe 13p 62.41 -1 
64.73 10 Ca 28 5.18 
04 . 3 - 
05:48 66,42: 1 96.08 TiO 83,94 2 
05.76: 240 67,01: 5 V 32 26.26 84.55 3 TLO 
67,48: O TL 85.40 TIO 
26:96 10 96.25 
07,45 ar 2 69.13 20 Fel6s: * LalII 33 T10 7.17 5 T40 
08 aw — . - 
sr 18 ¢ § Fou 0:32 3 T10 
09.65 TiO? 72.7. ow 20°56 Cr 265% 9°99 1 
78.61 12 Fe £26 92.92 14 Fe 268 102p 
12,30 32.8 92 20 
12.81: (2,2)Rb-head?| 78.07 T10 7 Fe 1197 TiO 
5.25 25" Se TL 78.90 34. 2 96.65 T1i0 Co 174 
13,76: = lp 4w T10 4.96 4 1 TiO 
16,40: - 37,92 
T10 
18,49 0 1 1 T407(4,2)9 42.75 3 1.04 1 TiO 
19,11 4 288 8 —Fe 3 jehead 10 SmII(M)? 1.41 1 Atm 
20.67 Fo 1208 25-18" 2 $10 44.16 tw 02.34 1 
87.09 » 44.81 ww 59 03.75 3 Fe 862p 
2,54 4 2 
T10 87.84 04 
1 89.01 Yb 3? Fe is 08.97 15 V 48 
26:82 91,02 2 40146 Bak 15" 59 
36.90 2 110 mm | 10" 40. 17 Fe 
ol 12 17 
92.50 10 TO? 17 Pe 
28.71. 18 51 1.28 
Co 81 5.332 T10 3 
30°87 20 TL0% V 107 2 Fe 1253 33.70 20" Fe 15p YII 26 
33 23 
34.45 1 T10 99.62 15 C 13 : 3 Co(M) t— 
35-04 2 T10 a 18 3 m0Y1 24.95 T10 
T6500 *99 10 V 50 Se 26 
37:75 Se 50.50 § —TAII 92 
39:05 28" Gale $ Dit 29:58: 9 Ho 
3 02.8 TL0 61.463 -1 15 Cr il 
40,9 1 31,06 6 
41 4 3 Mm 39 TiO? 03.19 #21 62,81 1007 Hl 31.77 4 Sun? 
4 04,15 3 T10 Co 111 
43.86 2 5 T4140 67.47 4.25 7 
44.30: 2 05.84 1 
45,15 06,38 6 68. 4 é T10 
aunt 1 T10? 70.11 41.63 
cl 08,13 18 TL 70. 2 T10 42 T10? Atm? 
0.65 
49,04: T10y(4,2)Rb-head | 08 2. SmII(M)? 42.94: 
49 87 «64 1,URo-head T10 Fe 43 atm? 
61. Co 37 09,80 1 “1 TIO 
6 74,22 20 45.69 1 T1i0? 
54.04: Co 17”. 5 75,06 21 46015 2 
66.38 19 77,14: zr(M)? 47.43: 10 Fe 206 
2 Fell 74? 17. T10 14 
67 -2 48 
1070,0R 
O)Qa-head 
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Int. Ident, Int, Ident, Int, Ident, Int. Ident, 
36.42 4 —Ti0— 35,18 5 So ut 
6600 38.92 6 T10 Sunt 36.66 6 —Tid— 
4 TL0 39.48 10 Fe 34 36,23: —=T10— 21,01 3 
59,98 Sunt= 39.99 3 Sun? 36.72: -2 Sun? 21.84 10w T10 
60.48 40.60 5 T10 36.99: 6 Fe 1225? 23,14: O T40? 
61,16 10 T10 Cr 262 41.07 2 3 T10 24,21 15 TL0 Cr 222 
T10 41.68 7 —T10— 38,92 T10 Fe u? 24.82 O Atm? 
63,17: BaRv? 42.16 7 T10 39:82 30 Fe 205 25.30 10 Cr 222 
63.49: 18 Fe 111 43.10 25 Ti 48 40,25: 2 26,11 30 Ti(M) cr 222 
63.81: 10 T10 43.94 1 T10 41.36: Fe 1195 T10? | 26°88 4w 
554 Y(M)? 44.50 8 T1O 41.96: 25" V 31 27.72 4 
65.36 17 Fe S4p 44.72: 0 —Ti Ni 126 30,08: -3 T10 
65.92 45.15 5 T410 Fe 1227% | 42.68 10 T10 Fe 1197 30.64 O T40 
66.33 1% TiO Ti 101 45.54 6 26p 222: 0 T10 31.34 15 T40 at 
67.07 6 T10 46.36 8 TA 152 43.62 8 Fe 1173 30443 Atm 
67.41 6 T1O Fe 168p 46.85 5 44,07 1 SnII 1? 33.79 25 Fel67,1006 atmo 
T10 47.64: 15 | 44,60 25 Pe 34p 34.24 1 
74.31: 0 3 45.23 3 Y 16 35.34: O T10 atm 
74.98 15 TL0 50,16 18 Fe 111 T40 45.87 5 35.88 0 TLOP 
75.42 -1 T410? 50.76 6 6.39 4 36.45 3 
75.99 13 51,21: -2 T10 46.86 4 37.72 2 Atmwv Co 139 
- T 49.80 BaRv Re-+head 
77,15 13 TiO TL 2747 52.86: 15 V 31 /|50.99 5 “a 
60,641 BaRv 4070, 86.11 16 TLO— 3 T10 
T 55.10 5 Fe 5 42,72 5 
85,29 1 57,55 13 T10 55,66 10 TiO Fe 1194? 
85.89 | 58.18 TL0— 56.29 8 T10 + 
57,21 10 T40 
86.88: 0 62,23 T10 zr 58,19 12 T410 Fe 1173 30 111 
87.55 10 7 40 58.70 3 45.94: -2 Sun? 
3 T10 66.54 12 V 31 T10 59,16: -2 T40 
89,94 O T10? 67,09 4 T10 59,74 § Sun? 47.54 O Fe 1221,122 
7 T10 67.78 20 Ni 57 15 Fe 205 TiO 
94,88: 1 T4107 4 40 60,92 5 Fe 341p? 49.29 5 
" 61.98: 5 Fe 109 
96.10 13 T10 Al & 72.26 15 TiO Ni 127 ine 
T10 75,36 10 — 
10 65.52 208 T10 52.92 Sw TiO? Fe Sl5p? 
99.18 4, T10 76.54 9 TLO 0 53.81 
99.64 13 T10 77.44 20w Fel010,1013| 65,06 15w T10 
78.64: 10w TiO? SmII(M)? (65,62: 2 Sun? 55.10 5 Ni 157 Atm 
——-6700 79.34 8 T10 6.08 3 Sun 56.32: -2 TiO? 
79,82 1 Tm(M)? 12 mo 56.82: -2 atm? 
00,17: -2 T10? 80.50 12 T10 74,11N 30 T10 
00.46: TL0 81,00 BdRv T410 4.48 0 57,83: -1 atm?? 
01.48 13 T10 Le 6 T10 SmII(M)? (75.47 1 Fe 167 58,53 
02,02: -1 TiO? zr(M)? 81,85: 20w T10y(2,1)Ro-head | 76,70: -2 Ni 97 59.64: -2 T410? 
02.55: 10w T10 82,51:N 5 T10 77,70 2 61.55: 0 
03.12 ell: 30w T10 80,04 6 62.14 15 
03.58 15 Fe 268 T10 83.69: 20 TiO Fe 205 80,74: -2 TiO 62.89 10 a 
03.86 3 Co(M)? 84,50: 23 T10 61.75 10 T10 Cr 222 63.65 6 
04,68 10 —Ti 85.04 25 V 31 82.52: 15 Cr 222 
05.14 Fe 1197 4 4,03 5 64°72 1 
4 TL0 91,16: 20" T10 Sr 3 85.74 3 Fe 1173 
07.53 4 Li 1% 12 86,67 4 T410 
08.05 3 T10 V(Ms)? 87.52: O Atm0— aa? is 
J 5 TL0 00,82 35 TO 90,04 0 
09.66: 2 T10 zr(M)? 01.34: 90.67 4 
10.31 18 Fe 34 T10 01,85 30 TiO 90,88: 2 T10 15 
11.20 6 TO 02,40: -1 TL0? 91,08: 2 T10 ly 4 
11:50: 4 —TiO— 02589 30 T10 92°78 25 Sr 
3 T10 03.43: -2 T40? 93.58: 
13,62: 2 Fel255? | 04:07 4:35 Bw 70.86: 
Fe | 06 e 
90 240 75.26 10w TL0 
17.71 20" Ca 32 T10 09,57. —Sun — 
T10 12.89 30 V 52 4 TLO 
19,18 0 06.27: -1 sunt 
19.74 9 4,03: -3 T10 ‘817 
5 T10 14,62 BdRv T10y(32)Rb-head | 07,56: 0 
23,081 8 3 09277: Ow SmII(M)? atm? | go°s7 
T10 22.44 «5 10.52 Ow T1O Atm? 
26,25 9 T10 Gat 3 T10 lleil: O T40? 
26,52 5 111.56 10 Fe 109 
T10 Fe 1225%? | 27:07 25 T10 STi2°s1 “2 Tio? atm? 82.66 5 TiO? 
32.77: 7 T10 27.67 20" T10 0 amt | 
33.15 10 Fe 1195? | 28:10: -3 14:12 0 S5.65 
2 28,62 10 Fe 1195 14,58 25 Ni 62 
34.08 #10 219 10 15,34 4 T40 Atm? 86.62 10 
8 T10 16,02 4 88.56 30 Fe 167 Atm wv 
37.26: 1Ow TLO? * T10 18,90: -2 T10 90,32 4 T10 
387 So ut T10? 34.61 5 19,60: =2 T40 
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Int, Ident 
Int. Ident, a Int, Ident, Int, Ident 
91.86 6 Gd 1? Atm? 71,64: 30 T10 
+96: = 66.33 Atm 
24.38 25 zr (x) = 1 76.99 30 #30 Fe 1276 40 atm wv Ti 99 
wv 
63:85 Fe 1004— 77.7% 25 T10 Atm Atm ev 710 
69:07 14 307 65.18 10 Abe 310 
98.95: 8 7108 81,08 35 Atm T10 Fe 1078 
99.26: TOT @2,02 5 Mi 126 
—Fe 1051 77.65 23 TAO? atm T1i0 atm 59,29: 2 T10 
—#000 78,04 23 T410 59,64: TiO? atm 
38 Atm Atm 60,50 7 T10 
90°23 38 10 136 15 Fe 1051 atm |60,96 5 Fe 26 
Fe 1005 go.76: 1 8 1.45 12 
20) ° Fe 463 
89,95: 15 TiO Ti 285 52815 TiO TL 143 
06.68 10" 90,52 25" T10 Fe 105) 69.21 710 ata wv 
294 13 100 Fe 1078 99.35 
93,85: BARV 
28 TM 99,91 32 TiO atm wv 4 
1042 18 710 ‘vers | 7200 
00,21 10 Fe 6lpt S| 74:25: 0 
3 2 75.30 8 TIO 
15,04 _5w Fe 167 02,84 10 T10 zr 42 280 30 Atm wv 710 77.49 14 TiO atm 
16:05 30 Pe 03,24 25 TIO 06.48: 2 78.24: 8 
Pe 109 Atmwv | 03,84 22 T10 Zr 42 06.81 5 TIO 78,45: 8 ate 
17°61: 2 04,25 19 TiO? 07.32 7 Fe 1051 Fe 1001|'79.07 6 —. 
1a; #108 04:74 10 é 
44 23 
06:52 18 13.40 15 TiO Ti 143 tw #10 
52 <2 15.91: 8 
1: 10 T10 atm 
64 
\, 29:08 18 4.46: 25 iaise sun Or gest 12 Fe 1077 
- 30,06 5 Ni 126 15,24: 25 T10 19 935,89 4 oO 
ow 15,93 SO 94.49 18 Atm T10 
$2.16 oe -1 20.43 6 Fe 1001 T10 2 187 Atm wv 
Sun 20.7% 4&4 — -66 12 Atm 
3 : Ni 2047 
33,77: <1 17 s 98,62: O Sunt 
23-86 22,46 12 T10 10 
24.29 10 10 25.66: Fe 465 710 99:35 10 Ate 
4 Pe Atm 36 tio 20 
37°40 48,17 22 T10 Ca 30 28,64 20 Fe 267 T10 00.45 8 
10 Fe 1061 T10 01,22 TiO Bull 
$8.82 16 Ti 256 Fe 1076 | 52,08 THO 
Sas 30.53 10 T10 as 
42.66 -1 31.31: 5 10 
43,07: Ow 60,31 15 T10 Ti 98 38.35 80 At ev 06:55 5 Pe 1077 
44.49: Sw 4 T10 32,97 4 Onis 
45.37 0 62,24 5 atu— 35.41 5 T10 Ti(m)? 08°08 83 Ti(M)? 
46,92: 1 62,95 17 T10 4.24 22 Atmwy TiO .9/08.47: 0 
48,65: -2 63.60 T10 $5.16 1 
{9.12 2 20 T10 Fe 1061 T10 10.55 8 Ho. 
12 
*80: <3 67,25: T10 Ti(M) 1105 /15,57 9 
54,05: BaRV T40y(0, O)Ra-head Wi 109 16.77 10 
7 68,05: 9 T10 was 
8.16 10 88.86 18 110 ste - 
9 
39 tors at 9,99: 20 T.0 Atm T10 19:60 
10 Atm 47,59 6 im ut 20°77 8 
48.27 6 atm 21.45 Fe 1166,1276— 
71 
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Int. Ident, Int, Ident, a Int, Ident, a Int. Ident, 
7300 94,34: -1 78.18: 41,40: 
95.36: 1 TO? Atm 78.89 3 Fe 6835p? 42,06 7 atmO? 
22.21 6 T10 95.62: O T40 81,78 8 Fe 266p 42,54 -2 T10 
23,20: 2w 1l0lp?| 96.49: Ow TiO? Atm 83,30: 42,77 -1 T10 
23,90 20 —Sun— 97,12: -1 T10? 83,55: 8 LaII1l 46,04 8 T10 
24,55: -1 TAO? 97,88: T10? 85,99: -2 46.79 2 
24,83: -1 98.86: T10 88,02: O Sun? 47.85 3 
25,40: -1 99.57 88,70: -1 Ni 157% 50.54: 2 TiO 
26.17 18 Ca 44 9 | 89.59 15 Ti 225 50.92 8 Fe 266p 
27,11: O ——| 7400 90,38: 51.72 9w TiO 
27.65 1 Wi 140 91,37 12 62,63 3 —T1i0— 
28,10: O TiO? 00,18 25 cr 93 91,64 10 Fe 1077 55.66 2 T40 
28.75 1 T10 00,92 2 Fe 204p 94.71 8 Fe 35 56.01: O T10 
29.46 1 T10 01.71 4 Fe 1004 95,10 15 Fe 1077 57,04 2 T10 
30.16 2 —Atm 02,28: -2 TiO? 96.11 10 Ti 225 57.62 11 Mg 22 
30,99 16 Ti 143 02,72: -1 T4107 98.57 5 Fe 1001 58.32: -1 T10 
31,69: 03.33 59.17 O Sun? 
$2.28 17 Ti 03,96 60,82 2 
33,55 O TiO Fe 1078 04,48: -2 61,18 8 Fe 1077 T1i0 
34.19 05,00: -3 00,28: * Sun? 4 Tio 
35.33 5 05,78 4 Si 23f 04.97: O Sun? 64,24N 30 atmO Fe 402 
35.94 5 Zr 23 09.50 18 Wi 130 Si 237/ 06,08 lw Ti0? 64,83 25 Kl 
36.98 2 10,04: T1410? 07.27 10 Fe 1137 66,01 10w 
37.74 8 Ti 212 10,56 T4107? 09,72 «3 5 T10 
38,94 10 Vv 117 Tio? 11.15 20 Fe 1077 11,04 20 Fe 1077 71.59 BaRV T10y (0,1)Ro-head 
39,60 T1i0 13,01 2 13.74 O Sun? 6 T10 
40,82: lw TiO Fe 684p? 13.92: -1 14.22 -1 Sun? A 75.56: 
41.59: -1 T10 14.50 22 62 2,79 16 Ni 126 uy} 77,75 
42,37: O T10 15.32: -1 Si 237 25,13 14 Wi 139 78.43 6 
43,39: -2 15.98 2 Si 22 6,09: -2 Sun? 79,04 5 T4Oy(0,1) Qc-head 
44.15 6 Fe 266p 17,00 8 26.60 0 79.70 4 T40 
44,74 25 Ti 97 17.40 13 Co 89 31,16 17 Fe 1137 80,32 9 TiO Si 36? 
45,91: -1 T10 18,00 0 33,39: O FeII 72? 81,08 7 T10 | 
46,59: T10 18.69 8 Fe 1001 . Sun 81,80 8 T10 | 
47.17 4 Fe 266p 21,60: -1 Fe 1188 37,45: -1 Fe 1000p? 82,635: -1 
47,86: 22.32 14 Wi 139 38,23: 83.12 10 —atmO 
48.66 3 23.19 8 TL 97 39.41: O Sun? 63.56: O T10 
49.47 2 T10 Atm 23.54: O Si 23 40.45 10 Fe 266p 84,11 3w TiO 
49.89: 1 24,61N 15 41,09: 84.72: <2 
44 3 T10 25.32 <-1 T10? atm 41,95: -2 Sun? 4 
51.06 1 —Fe 1273 25.95 -2 T4107 46.19 9 Feu 85.80 2 T10 
51.55 1 Fe 1275 26,59 EulII 8 47,08 86,35: <2 
52.14 8 Ti 272 27,49: -2 —Sun? 47,92 O Fe 1306p? 6 T10 4 
53,16: 4 TO 29.27: <1 51,15: -1 Pe 1303p? 91.62 13 Mg 29p TIO 4 
53,38: 6 TIO 29.85: 62,868 2 Sunft— 92,14: -1 T10 4 
54,20: «2 30.61 9 Fe 204 T10 53.96 2 Co 183 92.68 5 TiO 4 
56 7 Co 53 30.92: O Fe 1189 o 54.75 8 Zr 23 93.40 8 T10 Zr(M)? 4 
55,56: -2 -—TiII 101? 31,62: -2 v(m)? ~ | 55,63 16 Wi 187 TL0 4 
289 22 Cr 93 32,03 1 T4 lé42pt 58,41: -1 Zr(M)? 97,61: -2 T1i0? 4 
56,51 7 V 117 Atm | 30°69) 59.7% 3 Fe 1306— 98.22 9 T10 4 
57.00 3 Sun? 33.33 6 60,49: -1 Sun? 98.94 30 Kl 5 
~~ 67.75 25 Ti 97 | 33.90: -1 v(m)? 62,15 O Zr(M)? 99,64 8 5 
( 60,16: TiO 35.62: Sun? 63,02 2 Fe 1251 5 
60,48: 1 T10 36,11: -2 T40? 65.57 —t7700 
61.49 10 V 117 Ti 212p 36.57: -2 Eu(M)? 67,50: -lw Sunt— 6 
Al ll 37.15 3 Co 53 68.92 15 Fe 1077 00.39 4 T10 a § 
62.25 7 — 39.86 8 Zr 23 T10? 69.55: -1 Sun? T10 & 
63.14 7 y117 Atm 40.56 10 Ti 225 74,06 10 Wi 156 04,42: <2 5¢ 
64.10 30 Ti 97 40.97 1 Fe 1273 74,70: <2 LJ 5 
64,70 -2 TiO 41.52: 1 75,54: -1 10,42: 15 Fe 1077 
65,21: -1 TiO? Atm 41.88: O Gad(M)? 76,51 11,06: 3 T410 56 
66,08 -2 TiO 42,46: -1 Rh(M)? 77.43 #21 11.47: 14 T10 5g 
66.57 22 Ti 96 45.04 8 Fe 1002 78,65: «27 —Co 535 V(M)? | 12,71 17 T10 Co 126 
67.19 O Zr(M)? 43,92: <2 80,25 8 Sun 13.20: Of T10? 68 
68,67: 3 Atm 44.47: -2 82,15: -2 Sun 14.33 23 Ni 62 TiO 
69.33 0 : 44.67: 0 83.79 20 Fe 402 15.67 8 Wi 109 T10 1 
70.20 4 EulI 8 T1i0 45.76 20 Fe 1077 Fel07p| 86,05 16 Fe 1137 11 79 
Fe 12507 47.38 3 Fe 1273 86.75 9O Co 139 23.26 20 Fe 108 80 
70.91: -1 TiO atm 48,04: <1 87,635: 7 T10 81 
72,10: -lw T1i0 48,89: -2 88.54 O Fe 1306p 27,65 20 Wi 166 82 
72,97; 4w T1O Fe 108p? 49.47: 0 89,19: BaRv | 28,33 18 
Atm? 50,29 YII 25 89,37 15 T10 29,41 9w TiO DyII(M)? 83 
4 T10 51,43: <2 90,67 10" Co 69— 14 T10 84, 
76,50; -1 TiO Fe uf 62,14 91,88: -1 40,62: 85. 
77,17: 2 10 52,99: -1 92,44 41,02 6 TIO 85, 
77,80: 1 T10 Sun? | 54,04 2 Fe 1001 AtmO 41.24 4 So(M)? 86, 
79.28: lw Zr(M)? 55,95: -1 94.44: 8 AtmO— 42,00 1 T40 86, 
80.76 56.59N 20 tmO 42.71 14 Fe 13506 T1i0 87, 
1.88 4 Hi 292 57,36: -1 Co(M) 435.23 15 TiO Co 183? 89, 
82,60 8 Fe 266p T10 61.52 11 Fe 204 “+ 7600 5 T10 90, 
82,98 5 Fe 1188 TiO 62.53 24 Cr 93 48.29 20 Fe 402 90, 
85.63: -1 64,23: -1 Sun 19.20 9 Wi 156 48.88 15 Wi 156 T10 § 
84,09: 0 64,85: <2 19.81:N | 49.59 10 95, 
67,48: -2 51,10 20" 
86.35 8 Fe 1275 Ni 286% 67-75 0 27.64 40" AtmO— T10 
86.99 O T10 Fe(Sun)? 69,95 20 sun 28.46: -1 AtmO 5 T10 
87.68 6 Mg 50 71.23 17 =| 29.56 4 710700 55,17 20w TiO SmII()? Ol. 
88.71 3 Co 139 71,82 -1 Fe 267pt 32.51 T10 atmo? 55,80: O T10y0,2-head 
89.39 22 Fe 1077 72,66 Ow —Sun? 33,05 -1 T40 258 16 T4O 02,. 
90,00: -2 73.54t O Fe 1188 33,60 1 T10 atmo? 57.35 Rb(M)? 03 
90.41 6 74.46: Fe 957p? 36,65 1 TiO atmo? 27 On 
92.008 0 T10 74.92 15 Ti 142 37,00 0 T10 80,55 20 Fe 1154 6 
1.55 9 76:33 37,56 tw 08.3 
93.61 20 wi 109 *|77,54 6 Fe 95% 40,96 2w TIO atmo? 88.93 30 Wi 62 08.6 
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TABLE 
5 -- Continued 


a 
Dents 
7700 Ident. a 
89 50 Int, 
1B 12,00 30 Fe 12 Int. Ident. 
93 6.96 3 Fe 
2 TLO 17 5 —Atm wv? 14.30 265p 
3 T10 Bi 202 26.24 7 T10 81.572 P10 at 
T10 27,062 -1 T Ti 308 2 
7800 27.97 10 T10 = 22 T1 151 22°08 5 —Atm 
00.29 10 9,68 1 Sunt Pe -1 T40 24-1 : lw 
ol. . . 
9 10 Mg 435p? 3.61 5 Ow —Atm 30.5 9 Fe 265 
20.15 TiO zr(M)? | 36,40: O or 33,59: 2 T4107? 53 
20°93: 5 TLO 37.14. 20 34,05: <2 atm 5 
2 09 1 A 
6.77 10 109 10 623 T10 tm Zr 40 
3 Zr (M)? 43.27: 0 T 0 
10W T10 45.91 = zr 40 41.71 2 TiO 45.55 10 
52,25 20 = 45.771 0 45.16: 0 eu 
33.2 1154 218: of = 
35.38 8 Al 32 1 20 Fe 1136 -1 
8 10 T10 -2 T410 Atm 30 Fe 12 54.70: zr(M)? 
2 52.60: —TiO— 49.99 5 ow v(m) t— 
295 O O TL 
47,09 6 GdaII uf? 10 Atm Atm wv. ery Atm’ 67°67: -1 
47,553 60,73: O wv zr(M)? | 15 Zr 40 ? at 
48,07 61.59 9 TL 1 —T10 
3 10 atm? 8 T10 } 6 v(m)? 
236 wy | A 
zr 40 TL0? 6.15: 710? ut | 67226 Ti 15lp 79412 Ate 
| 1 . 1 
3 2662 20 20 
_ 2 HO? more “2 To 30" 30 re 1278 
£10 eisosp? | 7 = 72:23 16 Fe. | 93.872 cota)? 
is 71.80: 73.8): Fe 108p 94082 40 ma 4 
57, 2.36 262: 
8.77 25 1 
Th 79 T10? 00 
| 
81.60: 4 e740 23 Go! | 710 — 
82,18: 4 —Sun— 88,009 3 85,19 22 PF 0 
§ | : . 4 
85.65 0 Ti 34p 92.31 8 3 90.48 10.20: ? 
93.61 7 92.64 6 Cu 6 11145 18 atm wv 
86.67 2 10? 94.38 8 10— | 93.51 30 VS T10 : .57 18 Zr 40 Si 19? 
87.80 Atm wv T10 95.05: lw u 94,00: 3 0 3308 16 Mg 28 
8 atm— Pe 1136 97,64 1 999 18.59: lw 
8000 98,36: 0 19,51: lw —Atm 
1 3 Ti 34p atm wv 98,81 4 T10 20.36 22 Fe wv 
00.23: 1 T 99,49 -1 Mg 4lp? el 1136 
a 009: 6 
04, TiO sun 05.25 = 03,17: 1 )? atm 32.29 10 F 
TiO Ti(M)? 07.54: 4 10 03.97: GW TL 34,49: -1 e 1136 
08.18 5 T10 08.49 «5 T10 _| 05,703" 1 atm? 35.95: 
08.60 10w Atm wv 09.53: 0 =| 07.23 6 Atm 37,38 0 
11,90: 2 atm? | 43.82 0 v 30 
9 O Fe(M) 


73 


3] 


TABLE 6 -- Continued 


a Int. Ident. Int. Ident. a Int. Ident, a» Int. Ident, 
8200 70.16 8w Zr 40 97,06: 3 Fe 1172 62,12 90" CaII 2 Fe 60 
70,62: -1 Call 2 zr 40 | 67,56 4 Fe 
48.14 7 Fe 1136 71,56: ow * 71.95 4 Fe 1272p Mn 49 
50, lw 72,81 —Co 193— 74.73 25 Fe 3359 
53.55 36" 50 29 8500 75,40 Ti 66 
45 atm wv V 50 75,54: Sw 78,90 2 
57,30: Ow 76.45: 40 Sun? Atm 02.58: 1 79.81 
61.85 2 84 35 Ti 3S 05,09: O Atm? 80,78: O Fe 999p 
63.21: 0 ? 80,93: -1 sAtm— 068.77: On 200 32 Ti 68 
° 1 Fe 1272p 82,59 SOW Ti 33 Fe l2p | 14,07 30 Fe 60 84,25 2 
65,02 1 84.77 1 Atm? Sun? 15,15 20 Fe 401 86,30: -1 
66.42 3 Sun a | 85.652 0 18,03 25 182 88,66 40 Fe 60 
67,06: Sun? 18.42 3O Ti 160 69.79 1 
67.69 2 T10 uf 87.79 30 Fe 60 19,04 -1 Fe t 
69,56: 4 69.45 15 Zr 40 Ti 182 | 21,26: -2 92,35 30 Ti 68 
* 90,51: 1 Sun? 26,02: -1 Ti(M)t 94,05 0 
3 Ata wv . 26.69 2 Fe 1270 965.18 -1 
74.51: O Atm? 92,30 0 5 lw 97,55 
6.71 1 96.91 S5 Ti 35 30.25 98.75 7 
80,04: 1 97.85: 0 31.41 3S T1142 99,50 4 Fe 126 
62.54: O 98.57: 1 e - 
83.64: 0 99,20: —Atm 38.67 - 8700 
84.35: O atm? 39.31: 5 Ti 209 
84,92: -1 —+8400 el3 85W CaII 2 01.06 O Mm 49 
85.49: -1 46.40: 0 02.49 2 Wi 83 
68,00: 0 01.42 135 Fe 108 46,91: <2 03.73: O Mm 49 
92,04: 01,86 0 48.10 17 Ti 150 06,89: -1 
93,50 25 atm wv Fe 623 | 02,65: 4 Ti 224— 48.95 7 Cr 56— 45 2 56 
96.12: 2 03.48: <2 50.62 1 Ti 142 10.38 13 Fe 1267 
96.75: -1 222: -1 Sun? 55.54 5 Cr 56 11,18: -1 
97.41: 1 —Atm— 68.85 8 12.68 1 
98,02 O 07,15: O | 59.91 -1 —Fe 1521 13.22 17 Fe 400,1267 
98,55 2 11.34 1 Sun? | 60.77: 0 14,08: 1 
12,58 Ti SS 62,20 2 16,15: 0 
8300 14,08 6 Zr 40 64.55 0 16,55: 0 
16,97 10 Ti 224 65,54 6 Ti 141 17,18: -2 
01.29: lw T107(0,2)e-head | 17.62 68 Ti 182 atm 67,09: -1 17.78 7 Sun 
03.15 1 Fe 265p 18.73: O Tiu 67,76: -1 Fe 1269p? 18.67: 0 
05,04 17 Zr 40 19,88: 1 Sunt 69.75 8 Ti 200 19.61 12 Ti 140 
06,29: O Ti(M) 20,49: 1 Sunt? 71,90: 0 25.75 O Ti 139 
06.82 1 Atmwv Si 19? | 21.52: 35 V(M)? 75.32 1 29.17 10 Fe 713p 
07.47 35 Ti 33 Fe l2p | 22,32: 1 74.54 5 31.27: 0 
08.27 12 Be 999 TL 160/ 75.31 3 Co(M)? 34.75 30 Ti 68 
10.14 0 —Atu— 24.41 17 Ti 182 77.52: -1 36.07 12 Mg 39p 
11,05 11 Pe 12p 25.90 4 Fe l2p 78,46 11 Ti 141 38.69: O 
11.75 1 26.54 35 Ti 35 82,27 25 Fe 401 «| 40.04 1 mm 49 
12,41: 0 34.94 35 Ti 33 sun 42.41 1 681 44 
14.7%: 1 35,75 33 Ti SS atm 43.57: -1? Pe(sunt) 
19.50: 1 36.78: O 91,52: -1 45,35: 0 
21.65 2 38.91 17 TL 93,02 7 Fe 1267 47,42 8 Fe 401 
23.32: ow 39.61 14 Fe 1172 965.61 1 47,91: -1 
25.47: 42.97 3 Ti 210 96.18: OW 48.60: 
26.05 1 45,04: 1 98,22 8 # 49,28: 1 
27,05 37 Fe 60 45.74: O Sunt? 83 6 Fe 1153 52,01 3 81 45 
28,52: -1 46,48 99.97: 57.17 25 Fe 339 
30.41: 0 47.67 19 Fe l2p 61.40 9 Ti 139 
31.35: -1 V(M)t— 49.91: 3 —+8600 63.95 13 Fe 1172 
294 20 Pe 1153 ° 8 cr 56 64,83: =1 
32,93 4 Atm Sun? 50,92 10 Ti 224 00,99 3 Ti 141,209 268 25 Ti 68 
34,40 30 Ti 33 61,95: 2 02,68 1 71.27 9 
37.34 0 63,09: lw 03.96: <1 72.14 2 
39,41 14 Fe 1153 55.25: 4 Cr 56 07,10 2 Fe 1272p? 72,88 20 alg 
42.25 10 Fe 401 67,10 10 Ti 141 07,80 0 75,92: 23 Al 9 
42.84: O Fe 12 60,51 1 10,65 1 Fe 1153p? 78.68 18 Ti 140 
43.45: O A 62.45: O Fe lap? 11,82 25 Fe 339 79.44: -1 
43,96: 0 63.56: 2 12,88 1 2 141 80,07 1 
44,60: 0 64,10: -1 3,98 0 Fe 1272p 64.41: 1 Fe 1270 
16, Fe 95.32 20 Fe 1172 
47,32 1 67.17 135 Ti 182 17,11: Ow 
48.31 12 Cr 56 68.45 53 Fe 60 T1150 | 18,39 5 Ti 209 8800 
49,02 30 Fe 12p 71.76 5 Fe 1270 21,62 23 Fe 401 
50.85: 0 75.79: O 23,40: -1 00,55: 3 Sun 
77.50 1 31,18: 65 15 Fe 106 
63.17 SO Ti 33 atm 78.45 4 33,42: lw 06.835 40 7 
54.45 lw Sunt— 82,04 1 Sun Fe 999p? | 33,96 3w Sun 09.46 3 Wi 200 
55.44 0 83.17 10 35,06: <1 19,51 10 Ti 68 Fe 1266p 
68,52 12 Fe 401: 85,72: 0 6.20 2 Cr 56 Ti(m) _ Pe 12 
60.82 14 Fe ll 88,02: lw 37,01 O Wi 186 —| 20,21: <1 
62,06 10 Sun 91.34 2 43,07 4 Cr 56 21.25 15 #1 139 
62,66: 1 92,98 3 48.49 3 Siu 22,90: -1 
59 9 Ti 182p . 13° Ti 141 50,01: -1 24.27 35 Fe 60 
64,28 37 Ti 3S 95.42 1 Ti 210 52.55 6 Fe 1060p 38.46: 30 Fe 339 
65.66 15 Fe 625 96.05 5 Ti 209 *s 3 Fe 623p 39,19: 20 
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3403.32 


3435247 
3440.62 


3695.62 


3933.52 


3977.76 


4084.49 


4143.11 


4272.89 
4464.70 
4639.01 
4932.06 
4954.06 
4959.66 


5040.63 
5075.81 
5129.32 
5276.11 


5501.48 


5888.14 


5899.27 


6782.51 


6874.11 


7424.61 


7456.69 


7619.81 


7664.2 
8105.79 


NOTES TO TABLE 5 


The principal contributor to this line is Fe (304), which was inadvertently omit- 
ted from the table. 


Another secondary contributor to this line is Cr (53). 


For 2 A on either side of this strong Fe line and the following line, lesser 
lines are lost in the wings. 


This line is as strong as 4 3695.52 on Plate 2376, but barely visible on Plate 
23 


The intensity given here applies only to the absorption core which is about 
0.5 A wide. 

Intensity scale of Plate 2083 (enlargement) was adopted for the following 40 
lines. After that, intensities are simple means of intensities estimated on 
enlargements of Plates 2083 and 2376. This holds until A 4900. 


General background absorption extends from this line to approximately A 4088. 
This absorption coincides in position with the (1,U) band of CaO. 


The (1,1) band of SiN starts here, producing the characteristic background ab- 
sorption which is seen in Figure 4,a. 


On Plate 2083 this line is fainter than A’ 4272.78! 

General background absorption begins here and continues up to A 4465.81. 
General background absorption begins here. 

Weak general absorption begins here. It may be due to an unknown molecule. 
Intensity scale based on Plates 2376 and 2083 ends here. 

From this point on, wave lengths and intensities of pure TiO lines occurring 
in groups are omitted. The number of TiO lines and features which have been 
omitted is indicated by a numeral in the first column. 

Strong absorption from here to A 5U41.74. 

Strong absorption from here to A 5077.<1l. 

Absorption is practically continuous from A 5129.0 to A 5130.6. 

After this line, the continuous background suddenly gets stronger on Plate <621 
than it is for 100 A on snortward side. Such a rapid change is not evident on 
Plate 671. The phenomenon may not be real, or it could be due to uneven plate 
development. 


After this line, vibrational quantum numbers for TiO are again omitted because 
the (1,2) band can no longer be identified (inadequate laboratory data!). 


General absorption begins here and continues until A 5891.5. There is no 
similar absorption associated with the Dl line. 


Appears double, the longward component being stronger. 


From here on, intensities are less reliable, being from Plate 2899. These in- 
tensities are, on the whole, somewhat larger than the preceding ones. Further- 
more, the spectrum appears to fade out for about 100 A. 


After this line the atmospheric oxygen lines (B-band) are not included in the 
table unless they are definitely blended with stellar lines. 


A line of Si, multiplet (23), coincides with this stellar line but could hardly 
contribute more than one unit to the intensity. 


This line may be the same as the sun-spot line of approximate intensity 1 ob- 
served by Mr. Babcock, who believes the latter is a predicted Ti line. 


Beyond this line, atmospheric oxygen lines continue to interrupt the stellar 
spectrum, but individual lines are not cited unless they are blended with 
stellar lines. 

This is the atmospheric oxygen line which masks the K line in the solar spectrum. 


From here on there appear to be no more TiO lines on the laboratory comparison plate. 
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A-TYPE STARS WITH ABNORMAL SPECTRA* _— 


LAWRENCE H. ALLER 
Kirkwood Observatory, Indiana University 
Received February 11, 1947 


ABSTRACT 


Intensities of hydrogen lines and of selected metallic lines have been measured upon spectrograms of 
eleven “metallic-line”’ and “‘peculiar’’ A-type stars, obtained by Dr. Paul W. Merrill at the Mount Wil- 
son Observatory. Equivalent widths of the metallic lines have been calibrated in terms of numbers of 
atoms by means of the curve of growth. Hydrogen-line intensities give an estimate of the numbers of 
atoms in the second quantum state above the photosphere. Although the number of such hydrogen atoms 
seems to be about the same as in Sirius or y Geminorum (normal dwarfs), a literal interpretation of the 
metallic-line intensities would indicate ten times as many meta} atoms as in the atmosphere of a “normal” 
AO dwarf. Some of the peculiar A stars are periodic spectrum variables. High-dispersion plates throughout 
a complete cycle would be needed for an adequate study of these objects. It seems probable that the 
“metallic” A stars and the spectrum variables are fundamentally different objects. 


INTRODUCTION 


A-type stars with abnormal spectra appear to fall into two groups.! The first of these 
are the so-called ‘‘metallic-line” stars, in which the K line has an intensity appropriate to 
an early A type, while the metallic lines are as strong as in late A- or F-type stars. An 
example is 15 (f) Ursae Majoris, whose metallic lines are comparable with those in an 
F6 star but whose K-line intensity would cause the star to be classified A3. The second 
group comprises the so-called “manganese,” “silicon,” and “strontium” stars, whose 
spectra are also often characterized by abnormally strong lines of chromium and the rare 
earths. Certain of these stars are also spectrum variables. Although a comprehensive 
study of the spectral peculiarities of these stars would require plates taken with high 
dispersion, many interesting results can be obtained with low dispersion. 


| 


THE OBSERVATIONAL MATERIAL 


Dr. P. W. Merrill kindly placed at the disposal of the writer spectrograms of 14 stars 
(classified AOp-A3p) observed with one-prism spectrographs, dispersion at Hy about 
35 A/mm. One widened spectrogram was obtained of each star; for 15 (f) Ursae Majoris 
an additional plate was available. This paper presents detailed results for 11 of these 
stars; the other 3 had too few lines to be of interest. The list contains representatives of 
both the “metallic” and the “peculiar’’ A-type stars. Table 1 gives, in the first column, 
the HD number of the star and other designations employed; the other columns contain 
the right ascension and declination for 1900, the magnitude, spectral class, plate number, 
date of observation, exposure time, and references to previous work on these stars, par- 
ticularly by W. W. Morgan. 

Spot calibration exposures were provided for the C plates (100-inch telescope) ; strip 
calibrations for the y plates (60-inch telescope). I traced the spectrograms with the 
microphotometer of the Mount Wilson Observatory with a magnification of 100 and re- 
duced the tracings in Indiana. 


THE HYDROGEN LINES 


The hydrogen lines in the A stars are so strong that their profiles can be measured 
reliably, even with the dispersion employed in this investigation. I have measured the 
* Contributions from the Mount Wilson Observatory, Carnegie Institution of Washington, No. 732. 

1 Morgan, Keenan, and Kellman, Adlas of Stellar Specira (University of Chicago Press, 1943). 
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profiles of all the hydrogen lines upon the plates; Figures 1, 2, and 3 show the observed 
profiles of Hy for the various stars of the group. With the exception of HD 108945 (21 
Comae), the hydrogen lines are narrower than in Sirius; all the stars have broader lines 
than a Cygni. In some stars, e.g., HD 74521 (49 Cancri), HD 210221, and, par- 
ticularly, 15 Ursae Majoris, there seems definite evidence for distinct cores. In the other 
stars the profile of Hy resembles that observed in Sirius. The narrowness of the profiles 
suggests that the electron densities in the atmospheres of these stars fall between the 
electron densities obtaining in the atmospheres of normal dwarfs and supergiants (e.g., 
a Cygni, cA2). 

We may estimate the number of hydrogen atoms in the second quantum level above 
the photosphere, NooH, from the equivalent widths of the hydrogen lines. On the as- 


TABLE 1 
LIST OF OBSERVATIONS 
(1900) 
STAR —| Mac. Exp. | REF. 
SPEC. No. 
a 6 

HD 68351 15 Gem)) 6™57 | +29°57’| 5.6 | AOp| C 7676 1941 May 16 | 

74521 49 Cnc (Boss 
8 39 19 | +10 27 | 5.6 | AOp 7671 1941 Feb. 6 60 2 

23364 10 
78209 15(f) UMa....| 9 149] +52 A3p ly 1941 Apr. 16 \ 30 1 
108662 17 Com........ 12 23 55 | +26 28 | 5.4 | AOp| C 7672 1941 Feb. 6 50 1 
108945 21 Com........ 12 26 1| +25 7) 5.4) C7673 1941 Feb. 50/ 2 
110066 HR 4816...... 12 34 4| +36 31 | 6.3 | AOp| C7674 1941 Feb. 6/ 112 
118214 81 UMa....... 13 30 17 | +55 52 | 5.5 | AOp| y 23367 | 1941 Apr. 16 | 90 
13 29 6| + 4 4.9 | A2p| y 23366 | 1941 Apr. 16 32 1 
120198 84 UMa....... 13 42 52 | +54 36 | 5.5 | AOp| C 7677 1941 May 16|} 34/ 2 
124224 Boss 3639...... 14 712| + 2 53 | 4.9 | C 7675 1941 Feb. 6 34 
125248 BD—18°3789 ...| 14 13 —18 15 | 5.7 | AS | C7678 1941 May 16 38 3 
123299" 14 1 41 | +64 51 | 3.6 | AOp| y 23368 | 1941 Apr. 16 | +24 
40160: Ser... 15 37 6| +13 10 | 5.3 | AOp| y 23369 | 1941 Apr. 16 | 100 
210221 HR 8443...... 22 3 48 | +52 49 | 6.5 | A3p| y 21475 | 1938 Oct. 13 46 


NOTES FOR TABLE 1 


1. Morgan, Keenan, and Kellman, Adlas of Stellar Spectra (1943). 
2. W. W. Morgan, Ap. J., 77, 335, 1933. 
3. W. W. Morgan, Ap. J., 74, 24, 1931. 


sumption that the hydrogen lines are formed in an optically thin layer, (VoHf<K 1), 
the equivalent width for the 2—n transition is related to No by the expression? 


re 


This relation is certainly not valid for the lower members of the series when the at- 
mosphere is not optically thin for the frequencies involved. The equation approaches 
validity as we go to higher and higher series members, but near the limit of the series a 
difficulty of another kind sets in. The overlapping of the lines near the series limit is so 
serious that the position of the continuum is estimated too low and the measured W, is 
too small. A plot of the computed No2H against n gives a curve that rises for a time, 
levels off, and finally sinks down, as the measured W,, becomes too small. Extrapolation 


*A. Unsild, Zs. f. Ap., 21, 38, 1941; see also Physik der Sternatmosphiren, pp. 286-98. 
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Fic. 1.—Profiles of the Hy line 
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of the rising branch of the curve to a large value of m, in the fashion indicated by Unsold, 
gives the limiting value for an optically thin layer. 

Some of the plates were underexposed in the ultraviolet, and only a few of the hydro- 
gen lines are recorded; for others ten or twelve Balmer lines were measured. The values 
of log NooH are entered in Table 2. Within the limits of the observational error, the 
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Fic. 3.—Profiles of the Hy line 


TABLE 2 


NUMBER OF HYDROGEN ATOMS IN SECOND LEVEL 
ABOVE PHOTOSPHERES OF ABNORMAL A STARS 


Harvard Mt. Wilson 
Spectrum (Contr. 511) Log 
120198 84 UMa............... AOp A2p 16.24 
78209 15(f)UMa............ A3p F2p 16.2: 


number of hydrogen atoms above the photosphere seems to be the same from star to 
star. This result may mean that the Harvard spectral types were based chiefly on the 
Intensities of the hydrogen lines. The value of log No2H for Sirius, adopted from the 
work of Unsdld, is very close to the mean value of our Ap stars. Hence, we may conclude 
that the number of second-level hydrogen atoms above the photosphere of a normal 
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AO dwarf, such as Sirius, is the same as the number of such atoms above the photosphere 
of these peculiar A stars. If the excitation temperatures are the same, this result means 
that the number of hydrogen atoms above the photospheres of normal and peculiar or 
metallic A stars is the same. 


THE Call K LINE 


The behavior of the calcium K line from star to star of this group is striking. In. 


HD 125248, the equivalent width is 0.1 A; in HD 108945 it is 3.7 A. These intensity 
variations are probably caused by ionization effects, operative principally upon Cau, 
since the intensities of lines of other ions show no well-defined correlations with the K- 
line intensity to within the accuracy of the present data (see Table 3). The profiles of the 
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Fic. 4.—Profiles of the K-line Cam 3933 


K line in those stars where it is strongest are of interest (see Fig. 4). In HD 110066, 
3933 shows a narrow core with broad wings, while the hydrogen lines all show profiles 
with no evidence of any core. In HD 210221, the \ 3933 core is pronounced and the 
wings are relatively inconspicuous; Hé and Hy show distinct cores. The Ca 11 line at- 
tains its greatest strength in HD 108945 (21 Comae), where it has a shape similar to 
that of the hydrogen lines. I have not attempted to measure the profiles of 3933 on 
the other plates, where the line is too weak to permit reliable measurement. 


THE METALLIC LINES 


For the identifications of the metallic lines in these stars I have relied principally upon 
W. W. Morgan’s studies,’ although occasional use has been made of other investigations. 
The lines whose equivalent widths were measured were selected from those for which 


3, W. W. Morgan, Pub. Yerkes. Obs., 7, 133, 1935. 
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relative f-values were available from the experiments of R. B. King,‘ and of A. S. King 
and R. B. King,® the unpublished reductions of solar data by D. H. Menzel and his 
group at Harvard, or from William Petrie’s investigation of chromospheric line intensi- 
ties (unpublished). To these I have appended a few lines belonging to ions of special 
interest. The relative f-values finally employed were taken principally from the com- 
pilation kindly supplied by Dr. K. O. Wright, of the Dominion Astrophysical Observa- 
tory. 
Table 3, wherein the stars are listed in the order of K-line intensity, is abstracted from 
the complete list of measured equivalent widths; it illustrates the intensity variations of 
typical or important lines of various ions. Most values are rounded off to only one deci- 
mal place, although two decimal places were carried in the reduction. Successive rows 
give the wave length of the line, the excitation potential of the lower level, the ion re- 
sponsible, and the approximate equivalent width in each of the stars in which the line 
has been measured. 

The interpretation of the equivalent widths in terms of the relative numbers of atoms 
above the photosphere of the A star and of the sun is usually attempted by means of the 
curve of growth. I have adopted the same excitation temperature, 6000° K, and the 
same curve of growth obtained for Sirius in an earlier discussion.* The procedure is along 
the conventional lines. If we plot log W/X against Menzel’s log Xo (a quantity essen- 
tially proportional to Nf) and make appropriate allowance for the Boltzmann factor 
5040x (1/Tsun — 1/T star), where x is the excitation potential of the lower level, and fit 
this plot to the theoretical curve of growth (i.e., that for Sirius), we may obtain log 
N,/No, the relative numbers of atoms in the stellar and solar atmosphere. Of more inter- 
est to us is the relative number of atoms above the atmosphere of an abnormal A star 
and a normal A dwarf star, such as Sirius or y Geminorum. To obtain this quantity we 
compute log NV,/No = log (N;/No) + log (No/No), where No is the mean number of 
atoms of the given kind above the photosphere of y Geminorum or Sirius. Table 4 gives 
the value of log N,/No for each ion in each star, and in the next to the last row the 
straight mean value of log N,/No for each ion, taken over all the stars. The bottom row 
of the table gives log No/ No, i.e., the relative numbers of atoms above the photosphere 
of a “normal” A star and the sun. 

Although relative ionic abundances in Table 3 are uncertain, they may suffice to yield 
an idea of various trends. Low-dispersion plates are unsatisfactory for curve-of-growth 
discussions, for two reasons: plate grain produces large intrinsic errors in the measured 
equivalent widths of weak lines, and the effects of blends become serious. With the dis- 
persion employed in the present study, most of the lines on the plate were blends and 
had to be rejected for curve-of-growth studies. 

Normally, the next step would be to evaluate the ionization equilibrium and com- 
pute the relative abundances of the various elements. In these stars the ionization of 
certain elements, Ca 1 for example, appears to be affected by radiation fields of unknown 
character, and ionization and recombination processes probably depart far from the 
rates appropriate to thermodynamic equilibrium. Hence no attempt has been made to 
derive relative ‘“abundances” of the various elements. As far as the present investigation 
is concerned, we cannot go any further than a tabulation of the various ionic contribu- 
tions. A literal interpretation of the data in Table 4 would suggest that the number of 
metallic atoms above the photospheres of these unusual A stars is of the order of ten 
times the number above the photospheres of ‘‘normal”’ A stars. Since, as we have al- 
ready seen, the number of hydrogen atoms seems to be the same as in “normal” stars, 
there is a suggestion of an abnormal proportion of metals to hydrogen. 


‘Mt. W. Contr., Nos. 648 and 655; Ap. J., 94, 27, 1941, and 95, 78, 1942. 
5 Mt. W. Contr., Nos. 528 and 581; Ap. J., 82, 377, 1935, and 87, 24, 1938. 
°L. H. Aller, Ap. J., 96, 321, 1942. 
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We must consider possible excitation and ionization effects that could give spurious 
abundances. Swings and Struve’ have noted such possibilities in connection with certain 
peculiar A stars, but our approximate line intensities do not permit a detailed examina- 
tion of this question. Although behavior of the calcium K line is most striking, other 
lines of other elements show peculiar relationships. It seems likely that the ‘‘metallic”’ 
and “peculiar” A stars require separate interpretations. 

H. F. Weaver® has suggested that certain ‘‘metallic-line” A stars observed in the 
Hyades should be called F stars, despite the weakness of the K line and the fact that the 
hydrogen lines resembled those of A stars. The spectral peculiarities of the metal lines 
and the sharp cores of the hydrogen lines were regarded as possible indicators of shell 
stars. Such a core structure is exhibited in 15 Ursae Majoris, one of the ‘‘metallic” stars, 
and in HD 210221. The other stars, however, show hydrogen-line profiles similar to 
Sir us, with no indication of a shell structure. 

Although we have discussed the peculiar and metallic A stars together, it should be 
emphasized that these two kinds of objects probably differ in a fundamental way, and 
an explanation valid for the abnormalities of one type may not apply to the other. The 
core structure may be characteristic of the hydrogen lines in the metallic stars, while 
the peculiar objects tend to exhibit normal-looking hydrogen profiles. 

A number of years ago, W. W. Morgan found periodic variations in line intensities 
among certain Ap stars. The most striking of his objects included in our list is 
HD 125248, a “‘chromium-europium” star, which contains two groups of lines that vary 
periodically in intensity. The chromium lines comprise one group and the europium lines 
the other group, that varies in exactly opposite phase. More recently, Armin Deutsch 
has begun a detailed investigation of this problem at the Yerkes and Perkins observa- 
tories. He finds additional stars on our list to be spectrum variables.'° In x Serpentis 
and 78 Virginis, \A 3933, 4078, 4163, and 4215 all change, while in HD 108662 (17 
Comae), a “chromium-europium” star with a spectrum similar to that of 78 Virginis, 
they seem to show'no variability. Deutsch confirms the variability in 21 Comae 
(HD 108945) announced by Morgan and suspects that 49 Cancri and 15 Cancri (y 
Geminorum) also show spectral variations. 

Interpreting these intensity changes is not at all easy. Apparently the variations are 
quite regular for many stars. They cannot be due to changes in ionization in all cases; 
e.g., in a? Canum Venaticorum, the Eu 11 and Eu 11 lines both increased in intensity at 
the same time!!! 

In view of these line-intensity changes, our measured equivalent widths and resultant 
“abundances” appear difficult to interpret. Any comparison between lines must take 
into account the phase of the intensity variations. The results in Table 4 are based on 
isolated observations of each star at an unknown phase; another set of observations 
would give different intensities for these stars. Only when each star had Been followed 
through its entire cycle would we begin to have adequate information on the line in- 
tensities. 

Until the causes of these line variations have been clarified, we cannot place any con- 
fidence in the “abundances” derived from the data. Although the metal/hydrogen ratio 
may quite possibly be greater in these stars than in the sun, the differences in the rela- 
tive proportions of the metals between a ‘‘normal” star and one of these objects cannot 


7 Observatory, 64, 291, 1942. 

8 Pub. A.S.P., 58, 246, 1946. 

9 Ap. J., 74, 24, 1931; 76, 276, 315, 1932; 77, 77, 1933. 

10 Unpublished material. 1 P, Swings, Ap. J., 100, 1, 1944. 
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be established from our present data. High-dispersion spectrograms covering a complete 
cycle of line variations in two or three stars might prove helpful in fixing the quantitative 
character of the intensity changes. ; 


I would like to express my deepest thanks to Dr. Paul W. Merrill, who called my at- 
tention to this interesting problem and supplied the spectrograms. I am also grateful to 
Dr. K. O. Wright of the Dominion Astrophysical Observatory in Victoria, who furnished 
me with his accurate relative f-values for the curve-of-growth attempts, and to Dr. 
Armin Deutsch for his information on line-intensity variations. Dr. W. W. Morgan, 
Dr. P. Swings, and Dr. H. F. Weaver read the manuscript and made helpful suggestions. 
Thanks are due to Miss A. Louise Lowen, of Mount Wilson Observatory, who showed 
me how to use the microphotometer, and to Miss Carolyn Mooshy, of Indiana Univer- 
sity, who helped reduce’the tracings. I am grateful for the opportunity to have worked 
on this problem at the Mount Wilson Observatory. 
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THE ABSORPTION CONTINUUM IN THE VIOLET REGION 
OF THE SPECTRA OF CARBON STARS* 


G. SHAJN AND O. STRUVE 
Crimean Astrophysical Observatory at Simeis, U.S.S.R., and McDonald Observatory 
Received May 2, 1947 


ABSTRACT 


The spectra of N-type stars show a sudden drop in the intensity of the continuous background on the 
violet side of \ 4100, or even A 4300; and the exposure times required to produce identical photographic 
densities at \ 3950 are about thirty times longer for an N star than for a corresponding M star. The 
atomic absorption lines in the depressed region of the N stars are abnormally weak, and a theory has been 
developed attributing this effect to an additional source of continuous absorption in the atmospheres 
of the N stars. Observations at the McDonald Observatory show that the ratio of H and K in the N and 
M stars is of the order of 1:7; this would correspond to a continuous absorption of the order of r; = 0.19. 
In those parts of the spectrum where the N stars are not appreciably depressed as compared to the M 
stars, the atomic lines are approximately equal in intensity. Hence the phenomenon cannot be attributed 
to a difference in temperature or pressure. The N stars show features, in the region between d 3900 and 
\ 4040, which look like emission lines, but they are not identified with any known atoms or molecules 
and are best attributed to spaces between the unknown heavy bands which must be responsible for the 
phenomenon in N stars. There remains a serious discrepancy between the computed value, r: = 0.19 
and the observed depression of about 4 mag. in the continuous spectra at \ 4000. Attention is directed 
to the possibility that stratification might account for this discrepancy. 


1. Stellar spectra of advanced type occasionally show wide absorption features which 
differ greatly from ordinary molecular bands. Some of these features may be caused by 
true absorption continua, while others may be due to the blending of several molecular 
bands of known or unknown origin. These wide absorption features undoubtedly have 
an important influence upon the complicated manner in which the general opacity of a 
stellar atmosphere varies with the wave length. 

In the case of molecular absorption we may consider several cases. Continuous molecu- 
lar absorption may be produced in the case of transitions in which one or both of the 
combining states are characterized not only by discrete levels but also by a continuous 
set of energy levels infinitesimally differing from one another. The continuous absorp- 
tion beyond the limit of vibrational series, analogous, to some extent, to the continuous 
absorption beyond the limits of atomic series, is determined by the curve of the potential 
energy. Certain molecules have electronic states in which there is no minimum of poten- 
tial energy at any nuclear distance and are therefore forced to dissociate by repulsion. 
For instance, the well-known ultraviolet continuum of Hz observed in emission in the 
laboratory is connected with a repulsive term of this kind; but it is true that the inverse 
process leading to an absorption continuum cannot usually be realized in stellar spectra 
unless the departures from thermodynamic equilibrium are very large. 

Recently Wildt and Chandrasekhar! suggested that the continuous absorption pro- 
duced by negative ions of oxygen may be responsible for the depression in the continuous 
spectrum at 4000, as observed in M giants by Lindblad and Ohman? and by Wildt.’ 
In the terms of this hypothesis, one could suggest that some of the phenomena in N 
and R stars are connected with the continuous absorption produced by negative ions of 


* Contributions from the McDonald Observatory, University of Texas, No. 136. 
1Ap. J., 100, 87, 1944. 
2 Stockholm Obs. Ann., 12, Nos. 2 and 8, 1935-1936. 
3 Ap. J., 84, 303, 1936. 
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carbon. Another possible example is the continuous absorption originating from a quasi- 
molecule of Caz bound by a polarization force—a kind of absorption suggested by Lind- 
blad in the spectra of M dwarfs. Whether or not these or other absorption continua play 
an important role in stellar spectra and whether they are observed in stellar spectra at 
all still remain uncertain. 

2. In the present paper we shall treat chiefly the problem of the well-known phenome- 
non of the weakening of the violet spectral region, which is one of the most important 
characteristics of the N-type stars. Presumably, this weakening may be attributed to 
some kind of unknown continuous absorption or to the overlapping of several molecular 
bands of unknown origin. 

The observed phenomenon consists of a more or less sudden drop in the intensity of 
the continuous background of stars, beginning at about \ 4100, or even at \ 4300, toward 
the shorter wave lengths. This intensity drop is too strong to be assigned to any reason- 
able black-body radiation unless the temperature is lower than 1000°. It is true that our 
information about the temperatures of N stars is very meager. Pettit and Nicholson* 
have derived fom their radiometric observations the radiation temperatures of four 
N-type stars ranging between 2400° and 2000°, and this places them alongside the Me 
variables at maximum. They also concluded that N stars radiate much more like black 
bodies than do the M stars. On the other hand, K. Wurm, applying Hutchisson’s theory 
of the intensity of vibrational bands,® has estimated the temperature of N stars as 
about 1500°.6 

Preliminary attempts to photograph the spectra of N-type stars showed that the 
exposure time had to be increased by at least a factor of 30 in order to reach the same 
intensity of the continuous background at A 3950 as that for a gM2 star of the same 
apparent magnitude. 

If the suggested absorption in these cool stars were due to some kind of absorbing or 
scattering matter in the highest layers of the atmosphere or in a shell, we should observe 
a strong distortion of the continuous spectrum. Both the continuum and the lines, in the 
same region, would be reduced in intensity in the same ratio, leaving the equivalent 
widths of the lines unaltered. Something like this we have, for instance, in the spectra of 
some remote white stars, where the equivalent widths of the spectral lines are quite nor- 
mal, notwithstanding the fact that the continuous background—say at \ 4000—experi- 
ences a strong interstellar absorption mounting to 2 mag. and more. The results will 
be quite different if the suggested absorbing matter is located in those layers where the 
spectral lines originate. These, according to the current theory of formation of spectral 
lines, would consist of layers which are intermediate between a state of local thermody- 
namic equilibrium, where the numbers of atoms in a given state are determined by col- 
lisions (Boltzmann distribution), and higher layers, which are in a state of monochro- 
matic radiative equilibrium, where the numbers of atoms in a given state are determined 
by the radiation in those frequencies which have a direct connection with this state. For 
this reason, if a line is within the wing of a strong neighboring line, it is evident that, in 
the layers where monochromatic radiative equilibrium prevails, the numbers of atoms in 
: upper state will be abnormal, and consequently the intensity of the line will be 
affected. 

The theory of two blended lines in the terms of Eddington’s theory of absorption 
lines was treated by Swings and Struve? and by Thackeray.® In this treatment the 
theoretical weakening of the blended line, /2, is nearly the same, whether the line-absorp- 
tion coefficient of the blending line, /;, is included in the continuous absorption coefti- 


cient & or is treated separately. Following the usual notations, for the emergent radiation — 


‘Ap. J., 78, 320, 1933. 
° Phys. Rev., 31, 410, 1930. 7 Ap. J., 83, 238, 1936. 
®Zs. f. Ap., 5, 260, 1932. 8 Ap. J., 84, 433, 1936. 
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in the blended line rz referred to the continuous background outside both lines we shall 
have 


1 
g= V3(1+m+ [1 . 


The measured intensity, 721, of the blended line, /2, referred to the wing of the blending 
line, /;, is evidently 
F (1 + n2) 


where 7; is the emergent radiation in the presence of the continouus absorption, but out- 
side the line. 

In Figure 1 are given the results of computations of the weakening of a blended line 
as a function of absorption, Am = —2.5 log 7. In computing W and W’ we assume 
that / is proportional to 1/(A — Ao)? and that e« = 0.005 for the collisions (W’ is the 
equivalent width of the blended line, and W is the equivalent width of the same line 
if it is unblended). In the computations we disregarded the Doppler broadening because 


10g 
-.6 
-0.8- 
- 0.4 
l 


0.5 1.0 8 2.0 2.5 am 
Fic. 1.—The weakening of a blended line as a function of absorption Am= —2.5 log n 


of its small effect and the possible dependence of /,/k, and /2/k, on the optical depth, 
owing to the lack of the required data. 

The blended line undergoes a considerable decrease in intensity, even when the latter 
is expressed in units of the intensity of the depressed continuous background. This latter 
criterion was used here to study the heavy continuous absorption in the carbon stars, 
which is probably responsible for several important characteristics of these spectra. 

3. A comparison of several small regions of the spectra of N and M stars (including 
o Ceti) which are almost free of molecular bands (such regions may be found within 
the range \d 4400-4700, and elsewhere) shows that, with the exception of only a very 
few cases, there is no sensible difference in the intensities of atomic lines.* The same 
is evident from a comparison of the spectra of Y Canum Venaticorum (N3) and » Gemi- 
norum (M3), reproduced here (Fig. 2) from the Publications of the Y erkes Observatory, 2, 
Pl. VII, 1902. It is safe to conclude that the atomic lines in the violet region of N-type 
spectra would be of the same intensity as in M-type spectra if there were not operating 
a special cause which weakens the lines in this region. 

To test the theoretical expectations, several spectra of N- and M-type spectra have 
been obtained with the 82-inch reflecting telescope of the McDonald Observatory, with 
a dispersion of 50 A/mm at K. The N-type stars were UU Aurigae, U Hydrae, Y Canum 
Venaticorum, and X Cancri. The region to the violet of \ 4100 was obtained only for 


®V. Hase and G. Shajn, Pub. Crimean Ap. Obs., 1, Part IT (in press). 
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UU Aurigae. In Figures 3-4 are given for comparison the spectra of UU Aurigae (N3) 
and HD 80493 (gM0O), taken with the same width of the slit and developed together but 
photographed with very different exposure times. The difference in the intensities of the 
lines is striking. Even such normally strong lines as K and H, Ad 4046, 4063, 4072, and 
4078 appear very faint in the spectrum of UU Aurigae. 

We were not able to obtain the spectrum of Y Canum Venaticorum as far into the 
violet as for UU Aurigae, but there is no doubt that the effect for this star is even stronger 
than for UU Aurigae. In Y Canum Venaticorum the lines in the region AX 4200-4100 
seem to be very considerably diminished in intensity. This is especially well seen on 
Mount Wilson spectrograms, which one of the authors had the privilege of seeing through 
the courtesy of Dr. R. F. Sanford. The effect of the weakening of lines is less noticeable 
in the spectrum of 19 Piscium, which was taken at the Simeis Observatory and which 
extends only to d 4050. 7 

Microphotometric tracings were obtained for UU Aurigae, for the region shorter than 
\ 4100, on February 6 and 12, 1947, and for the region near \ 4227, on February 5. The 
results of the measurements of equivalent widths for these N-type stars and for the com- 


TABLE 1 
EQUIVALENT WIDTHS IN ANGSTROM UNITS 


Line UU Aurigae HD 80493 Ratio nr 
¥.5 10.2 6.8 .19 
4032* Fel-Mnl......... 0.6 2.4 4.0 .26 


* The feature at \ 4032 contains a blend of several not quite separated lines. 


parison star, HD 80493 of type gMO, are given in Table 1. The accuracy of the meas- 
urements, as was to be expected for this part of the spectrum and for the dispersion used, 
is very moderate, probably about 25 per cent. 

The measured total absorptions for the Ca 11 lines in HD 80493 seem to be small, and 
the intensity ratio of about one-seventh, as given above, is rather an underestimate. As 
to the iron lines within the range AA 4030-4072, the intensity ratio is probably near to 
4.0. It is true that some of the lines in question are very faint in the spectrum of UU Auri- 
gae, and the measured intensities may be systematically affected by instrumental and 
photographic errors. We believe, however, that the absorption phenomenon is really 
much smaller for these lines than for H and K. This effect seems to be still smaller for 
Sr 11 4078. There is probably a decrease in the absorption even within a range of 100 A. 

The resonance lines of A/1 3944.0 and 3961.5 deserve special mention. They are lo- 
cated in the wings of the lines H and K. Notwithstanding the fact that the lines of A/1 
are in the region where the phenomenon is strong, they do not look especially faint. The 
measurements are difficult and inaccurate, and the mean value of the equivalent widths 
of \ 3944 and \ 3961 referred to the wings of H and K as continuous background turns 
out to be 0.6 A for UU Aurigae and 0.9 A for HD 80493, the intensity ratio being 1.5 as 
compared with 6.1 for H and K. But if the lines of A/1 in HD 80493 are referred not to 
the wings of H and K but to the general continuous background, we have W’ = 3.8 A 
and the intensity ratio is then about 6.4. We are dealing here with a complicated case 
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of a blending effect: while the lines of A/1 in HD 80493 are seriously affected only by 
H and K, the same lines in UU Aurigae are affected probably only by the wide absorption 
in question. Perhaps this result is influenced by a difference of the levels in the atmos- 
phere in which the resonance lines of Ca 11, Al1, and the absorbing matter originate. 
The same may hold also for the resonance line of Sr 11 \ 4078. 

4. Before we discuss the results of Table 1 and Figures 2-4, it is necessary to get some 
evidence that the observed weakening of the lines is not due to some kind of tempera- 
ture effect. The most important evidence is the normal intensity of the atomic lines in 
those regions of the spectra which are free from molecular bands (Fig. 2). Further, it is 
known that, at the temperature of Me variables at maximum (2300°), the lines H and K 
are nearly as strong as in the spectra of ordinary M stars. Even near minimum (1800°) the 
equivalent widths of H and K are about 10 A. In any case the weakening of the lines of 
Ca 11 is to be accompanied by a very strong increase of the resonance line of Ca 1 \ 4227, 
and this is really observed in Me stars. But the equivalent width of \ 4227 in UU Aurigae 
turns out to be 3.8 A, a value of the same order as that in early gM stars. In the spec- 
trum of 19 Piscium the line \ 4227 is fainter than in o Ceti at maximum. The line \ 4227 
is a good criterion of temperature. All this leads to the conclusion that the temperature 
of N stars is not lower than that of Me variables at maximum. It is true that in several 
N stars the region near \ 4227 may be itself subjected, to some extent, to absorption. 
But the neighboring line, Sr 11 4215, does not seem to be sensibly anomalous, so that 
the absorption in question must be moderate here (A 4215 in UU Aurigae is nearly of 
the same intensity as in K2 and early M stars). We conclude that the temperature 
cannot be responsible for the strong weakening of the lines in the region AX 3900-4100. 

5. Assuming that the results of the theory (Fig. 1) may be applied to the observations 
(Table 1), it becomes possible to estimate the absorption, 7, given in the last column 
of Table 1. This seems to be moderate even in the region of H and K, for which 7; turns 
out to be about 0.19. We have already seen that it is necessary to increase the exposure 
time at least thirty times for the region near H and K in an N star as compared to an 
M star of the same magnitude at \ 4500. The absorption 7;, as given in Table 1, would 
remove only a part of this discrepancy. The latter would be decreased still more if in 
our computations we had assumed a collision factor e = 0 instead of 0.005, which seems 
to be acceptable for the giants. However, the temperature derived from such a corrected 
continuous background would remain very low. We believe that the temperature is, in 
fact, much higher, as follows from radiometric observations, from the equivalent widths 
of the neutral calcium line \ 4227, and from other data. 

If the discrepancy cannot be removed, one might recall that the weakening of reso- 
nance and other low-temperature lines is also much less than is to be expected on the 
basis of elementary theory. It may be noted here that Struve and Swings suggested that 
the blended line H in early-type stars is weakened less than would follow from the theory. 
At present it is premature to try to interpret the suggested discrepancy in terms of strati- 
fication, of the dependence of //k upon the optical depth, and of the difference of this 
function for different kinds of atoms and molecules. 

6. A mere inspection of the spectrum of UU Aurigae from \ 4100 toward the shorter 
wave lengths reveals several details which, with the dispersion used, look like emission 
lines. The measured wave lengths are Ad 4036, 4009, 3959, 3949, 3914, and others. These 
features cannot be reasonably identified with any atomic or molecular lines. 

A comparison of the microphotograms or of the spectrograms of UU Aurigae, U Hy- 
drae, and HD 80493 shows that these details in N stars correspond to those details in the 
continuous background of M-type stars which are less affected by absorption lines. But 
there may be noted other small portions of continuous spectrum of M stars approximate- 
ly in the same region and nearly to the same extent free from absorption lines which do 
not reveal any traces of apparent emission in spectra of N stars. For instance, \ 4036 and 
4009 look like emission lines, while in the regions centered at about \\ 3983, 4005, and 
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4052 there are no apparent emissions in the N stars. The continuous spectra of the N 
stars, therefore, do not exactly correspond to those of M stars. This suggests that the ob- 
served phenomenon of weakening of the continuous background in the violet may be 
attributed to the effect of many overlapping molecular bands of unknown origin and is 
probably not produced by a gradual variation of the continuous absorption. This is an 
important consequence which follows from the comparison of the continuous spectra of 
M and N stars in the region under consideration. But at present there are not known in 
the laboratory any molecular bands which might be identified with those that we have 
postulated for N-type stars. It would be interesting to seek for some carbon or nitrogen 
compounds in this part of the spectrum. We cannot, at present, compare our results 
with the hypothesis by Chandrasekhar and Wildt of negative ions of oxygen and possibly 
of carbon, since the latter has not yet been sufficiently investigated. 

The presence of a strong, wide absorption in the violet, beginning at least at \ 4100 
and perhaps at \ 4300, is to be considered as established. This absorption is responsible 
for the prominent depression of the continuous spectrum in the violet and is connected 
with the large color indices of the order of 5 mag. for N-type stars; it is also reponsible 
for the great weakening of the atomic lines. The best illustration of the latter is the very 
small equivalent width of the H and K lines. This wide absorption is probably the most 
important factor determining the characteristics of the carbon stars, next to their tem- 
peratures and atomic abundances. 

In the early phases of the study of spectra of N stars C. D. Shane!® emphasized that 
the temperature is not the only factor determining the features of the N-R stars. In addi- 
tion to the abundance factor, the effect of the wide absorption makes the old one- 
parameter (temperature) classification of the N-R stars unreliable. The new classifica- 
tion by Keenan and Morgan" is much more reasonable, since it reflects to some extent 
the differences in abundance of carbon and the presence of continuous absorption in the 
violet. This idea had already been suggested by P. Merrill? and by R. Wildt. If the 
wide absorption in the violet influences to such an extent the equivalent widths of spec- 
tral lines as was shown above, we must expect anomalies to occur in the intensities of 
some of these lines. This is probably the cause of the weakening of absorption lines found 
recently by Keenan and Morgan in the spectra of five stars of type R. 

It will probably be possible to explain in terms of the phenomenon under considera- 
tion such an interesting anomaly as that recently found by A. S. King and P. Swings,'* 
when they established that the intensities of the red and violet systems of CN differ 
greatly from those in the laboratory. The difference in the behavior of CN bands in the 
spectra of R and N stars, especially in the violet, is also to be partly accounted for by the 
difference in strength of the wide absorption in the two types of stars. 


” Lick Obs. Bull., 13, 123, 1928. 

Ap. J., 94, 501, 1941. 

"2 Spectra of Long-Period Variable Stars (University of Chicago Press, 1940), p. 29. 
Ap. J., 101, 13, 1945. 
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ABSTRACT 


The spectra and radial velocities of the following stars have been determined: ZZ Cas, RT Per, YY 
Eri, Z Ori, DN Ori, ZZ Pup, UW Vir, Z Dra. Two stars—DN Ori and ZZ Pup—show no appreciable 
variation in velocity. The former shows an emission line of H8 on the red side of a narrow, weak abso 
tion line, at phases 0.003-0.011 P. Before phase 0.000 the red emission component is exceedingly weak, 
if at all present; but there is no violet emission component. This suggests the presence of an expanding 
ring of gas. The system YY Eri shows two spectroscopic components of unequal strength; the stronger 
component belongs to the more massive star, and this is eclipsed at the secondary minimum. The differ- 
ence in the intensities of the two sets of lines is greatest at phase 0.75 P and is least at phase 0.25 P. 


This paper is a continuation of earlier work on the spectra and velocity-curves o 
eclipsing variables.'! Two stars, RT Per and Z Dra, were placed on the program at the 
request of the Panel on the Orbits of Eclipsing Binaries, which was organized in 1946 
under the auspices of the American Section of the International Astronomical Union and 
was approved by the executive council of the Union. For these two stars, satisfactory 
light-curves were available, but no velocity-curves had been determined. Both stars are 
somewhat too faint for satisfactory spectrographic work at principal minimum: the 
periods are so short and the eclipses last such a short time that it was impossible to 
secure spectrograms of the secondary component. One star, ZZ Cas, was observed at the 
request of Mr. I. M. Levitt, of the Franklin Institute in Philadelphia. 

The principal purpose of this work was to extend to shorter periods the relationships 
between K, and log P, which were found from the previous observations.” One star of 
the W Ursae Majoris class of binaries, namely, YY Eri, was included in this program. 
Several additional members of this group have recently been observed at McDonald by 
Dr. Y. C. Chang and will be discussed by him in the near future. One star, DN Ori, has 
been observed previously* but was reobserved in order to obtain additional information 
concerning the velocity-curve and the character of the H emission lines during the 
eclipse. 

All the spectrograms were obtained on 103a-O film, with the {/2 Schmidt camera and 
two glass prisms in the standard Cassegrain spectrograph attached to the 82-inch re- 
flector. The dispersion was 76 A/mm at Hy; the slit width was 0.10 mm, and the length 
of the slit was 2.5 mm. The projected width of the slit on the film was 0.018 mm. Table 1 
lists the stars, with their positions and with all relevant data taken from Schneller’s 
1941 Katalog und Ephemeriden verinderlicher Sterne. The remarks are from R. S. Dugan’s 
Finding List.4 

The photometric elements used for computing the phases are given in Table 2. The 
data are taken from Schneller’s 1941 Katalog, except in the case of RT Per, for which 
Dr. N. L. Pierce furnished a set of elements which he expected ‘‘to be good within one 


* Contributions from the McDonald Observatory, University of Texas, No. 137. 
1A p. J., 104, 253, 1946. 
2 Tbid., p. 280. 
3 [bid., p. 259. 4 Contr. Princeton U. Obs., No. 15, 1934. 
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or two minutes for the next few months.” The variation in the period of this star was 
investigated by Dugan.® It has been attributed to a third body. 

Photometric orbits are known for five of the eight stars. These are listed in Table 3, 
which has been taken from Gaposchkin’s book,® together with the values of A; and Ao, 
which in some cases differ somewhat from those in Table 1. The references are also those 
of Gaposchkin. The star lines used for the determination of radial velocities are given in 


TABLE 1 
THE OBSERVING PROGRAM 


1950 MAGNITUDE No. oF 
No. | STAR D d |Sp ReMARKs* 
a 6 M | A: { Az GRAMS 
ZZ Cas Ob 30™ 398) +62 °14! 1.24 A 10.6} 0.55) 0.27; Ob30t| 0 9 
ispl.? F, 
3 20 12 | +46 24.1 0.85 A 10.6) 1.37) .17) 461 0 F2 | Var. P;sec.displ.?} 28 
YY Eri 4 947 |} —10 32.2 0.32); W oe 28 
$53 1] +13 41.0] 5.20} A 9.6} 0.87} .07| 15> A | Br. star larger 23 
Rica DN Ori 5 57 42 | +10 13.3 | 12.97 A 8.9} 1.38) 0 <145 769 | A es eed 23 
D? d? 
ee ZZ Pup 7 46 14 | —19 10.3 6.34 A 9.2) 2.04) .12) 152 0 B9 | Deepecl.Sec.?d? | 24 
1. 6D 11 42 41 | +72 31.8 1.36 A 4 10.5) 2.21) .11] 2b4 Ob14) AS 39 
var 
8.....| UW Vir | 13 12 39 | —17 12.8 1.81 A ae 0.02} 5Sb5t | Ob3 | A2 a ghanwiny Aand| 38 
K types 


* The remarks are from R. S. Dugan, Contr. Princeton U. Obs., No. 15, 1934. 
t Dugan gives D = 3 hours. 


t Dugan gives D = 6 hours. Zessevich (A str. Circ. Ac. Sc. Soviet Union, No. 18, 1943) finds: Primary min. 
giving 0 — C = +0.008 day for E = 1613, as computed with the elements used in this paper. 


= 2427.862.422, 


TABLE 2 
PHOTOMETRIC ELEMENTS 
Epoch . Period Re- 

No. Star JD (Days) marks* 
ZZ Cas 2427951 .061 1.24352215 1 
RT Per 2417861. 6196 0. 84940756 2 
Z Dra 2416177 .410 
UW Vir 2424941 . 790 1.81067$12 3 


* 1. Dugan and Miss Wright (Contr. Princeton U. Obs., No. 19, 1939) obtained a period of 1.243527 
days; Levitt writes that his more recent observations give the period by Dugan and Wright and an 
epoch at JD 2432135.513. 

2. Schneller gives: Primary min. = JD 2417861.620 + 0.8494078 

3. The . poe were computed without the term: +040209 sin Foc0sse2 E — 145°33) given in 
Schneller’s Katalog. 


Table 4. Table 5 gives the radial velocities, and Table 6 the approximate spectrographic 
elements of the orbits. 

1. ZZ Cassiopeiae—In Dugan’s Finding List the position of this variable is indicated 
as 3’ south of BD+61°113. In a list of Addenda distributed by Dugan in June, 1936, 
this is corrected to read: “‘1’ se.”’ I have observed the star which is located in this latter 


® Tbid., No. 17, 1938. 6 Harvard Mono., No. 5, 1938. 
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position. The spectrum at maximum light is B3, with strong and Stark-broadened lines 
of H and with diffuse lines of He1. The Ca 11 lines are sharp and strong. Their mean 
radial velocity is —20.1 km/sec. The spectrum of the fainter component is not visible. 

2. RT Persei.—The spectrum is dwarf F2, with strong lines of Ca 11 and with Stark- 
broadened lines of H. The metallic lines are quite sharp, with the dispersion used, so that 
the rotational velocity at the equator of the brighter component is estimated to be less 
than 50 km/sec. If there were synchronism of the orbital and rotational motions, this 


TABLE 3 89 
PHOTOMETRIC ORBITS 
No. Star | | | Ecl. | Ly | | | | | Sol | Spy | Spy | 
1.24 | 0.50 | 0.22 tp 0.56 | 0.26 | 0.75 2.4 25 90 
2.........] RT Per | 0.85] 1.33] p 84} 1.00} 8 | 5.4] U | F2 | (GS) | 12,70,25 92 

4... Z Ori 5.20| 0.87| .07| ap | .93| .25| 1.29] 83 | 7.8] D | Ao | (F7) | 70 
Z Dra 1.3612.55| .07] tp | .93| .26|0.98| 87 | 13.1] D | As | (G7) 70, 62, 92 
UW Vir | 1.81 | 3.96] 0.02] t | 0.97] 0.19] 0.73| 86 | 70.0} U | A2 | (K2)| 81 

* 25: Gaposchkin, Veréff. Berlin-Babelsberg, Vol. 9, Part V, 1932; 12: Dugan, Contr. Princeton U. Obs., No. 2, 1912; 70: S 

ley, Contr. Princeton U. Obs., No. 3, 1915; 62: Russell, Ap. J., 39, 405, 1914; 18: Fetlaar, B.A.N., No. 108, 1926; 81: Shanley, 
Harvard Bull., No. 848, 1927. ae 
TABLE 4 
LIST OF STAR LINES 

Element r No. of Star Element r No. of Star 89 
4005.25 2,4,7,8 4200.48 8 89 
4009 27 1,4 Cri+Tiu 4290.03 2.'5:6, 7,8 89 
4026.22 | 1,4 4314.09 | 5,6,7,8 90 
aS 4045.82 | 2,3,5,7,8 Scu+Fet...... 4325.39 | 2,3,5,7,8 90 
4057.36 | 8 4340.47 | 1,2,3,4,5,6,7,8 90 
4063.60 | 2,3,5,7,8 4351.77 | 2,5,6,7,8 00 
4132.06 8 Fet+Tiu...... 4443.09 5 90 
4143.47 8 4471.51 1,4 9 
Tiu+Feu..... 4172.70 | 2,5,7,8 4481.23 | 2,4,5,6,7,8 
91 
91 
would indicate that the radius of the F2 component is 7; < 0.6 X 10° km. Since the z 
average radius of a normal F2 main-sequence star is probably slightly larger than that 01 
of the sun, we again conclude’ that the brighter components of short-period systems of 92 
classes A and F have smaller radii than the average star of the corresponding spectral - 


subdivision. The spectrum of RT Per does not show the second component, and the 
duration of eclipse is so short that it was impossible to secure exposures when the star was ~ 
near minimum light. The velocity-curve would fit the observations better if it were 
shifted about 0.02 P to the left. 


7 Struve, paper presented at the Harvard Observatory Centennial symposium, December, 1946 (in 
press). 


TABLE 5 


RADIAL VELOCITIES 


ZZ CASSIOPEIAE 


VELOCITIES 
(Km/SeEc) 
PLATE DATE UT 
G f/2 (1947) aes, 
In Days In Period All Lines* Cat 
Jan. 25 1:46 0.450 0.362 —127.0 —21.6 
ee ere 26 1:35 0.198 .159 — 95.0 — 3.3 
27 2:06 1.220 .981 — 54.5 —33.0 
28 1:45 0.962 .774 + 52.0 —40.7 
31 1:44 0.230 .185 —102.2 — 5.3 
Feb. 1 1:47 1.232 .991 — 64.8 —21.7 
16 is 0.070 .056 — 70.6 —17.3 
* Except Cal. 
RT ‘PERSEI* 
PHASE 
VELOCITIES 
In Days In Period 
Cee Tee Jan. 22 1:55 0.316 0.372 —48.6 
22 2:59 . 360 .424 —33.0 
24 2:14 .630 .742 +48.5 
25 2:58 .812 .956 + 8.2 
25 4:41 .033 .039 -31.1 
26 3:28 AS? —63.1 
27 3:28 284 .334 —60.1 
27 4:46 .339 .399 —47.2 
28 .415 .489 — 8.3 
29 2:38 .550 .648 +26.0 
29 3:43 . 596 .702 +64.3 
30 2:10 .681 .802 +33.5 
31 2:49 .010 .012 —39.5 
Feb. 1 3:01 .169 .199 —69.2 
3 2:06 .432 .509 —11.3 
4 1:42 .566 .666 +38.6 
4 2:54 .616 Py +39.8 
5 2:10 .736 . 866 +26.1 
6 2:18 .043 .051 —36.1 
8 2:41 . 360 —16.1 
19 1:59 .289 .340 —50.3 
20 1:57 0.437 0.514 + 2.3 


* The letter “P”’ in first column designates a poor spectrogram. 
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TABLE 5—Continued 
YY ERIDANI 
PHASE VeLocities (Km/SEc) 
PLATE DATE UT 
G f/2 (1947) wey 
In Days In Period Comp. I Comp. II Single Lines 
Jan. 22 3:46 0.231 0.719 — 140.6 
22 4:07 246 765 —141.3 |... 91¢ 
23 6:33 061 .190 + 86.3 91s 
Opal i..... 24 4:53 027 — 0.7 921 
25 5:20 081 .252 +144.9 7 921 
8969...... 25 5:38 094 . 292 +113.6 92: 
26 5:58 144 .448 + 76.0 993.2 923 
. 27 6:36 205 638 —101.8 +113:9 927 
31 4:38 266 827 —151.4 |. 
31 5:00 281 .874 — 130.5 955.7 
3 5:06 .071 .221 + 72.1 
9104...... 3 5:46 .098 305 + 66.4 = |... 
4 3:51 .053 165 + 64.0 |... 
4 4:12 .068 + 94.5 
9208...... 13 4:06 062 193 +108 .6 
13 4:28 .077 . 240 +103.5 \ 814 
15 1:56 .043 .134 + 65.1 = 123.2 818 
15 2:18 .058 . 180 + 66.2 148.1 820 
18 4:04 238 . 740 —162.5 822 
9270; 18 4:28 0.255 0.793 —125.5 4326.5 |... 822 
822 
822 
Z ORIONIS 823 
892 
PHASE VeELociTiEs (Km/SEc) 895 
DATE 
In Days In Period All Lines* Cau 905 
905, 
1946 907 
Ll Jan. 25 5:02 0.039 0.007 —34.7 8.9 907 
a 25 6:00 0.079 .015 — 8.0 — 2.6 908, 
1947 908. 
Jan. 22 4:50 3.006 .578 — 0.2 +32.7 908 
23 7:20 4.111 .790 +71.4 — 1.3 908° 
oS ee 24 5:30 5.034 .967 +48.4 +17.4 909. 
7:16 0.905 174 —14.0 +24.5 
26 7:06 1.898 .365 —40.0 +16.5 
yea 27 7:27 2.912 . 560 +24.9 +34.4 
a 31 6:04 1.651 .317 —29.0 +48.0 
ree 31 6:48 1.681 .323 —40.6 +29.0 
Feb. 1 6:45 2.679 —16.8 +28.6 
2 6:54 3.686 . 708 +49.8 +13.7 
OBE 3 6:33 4.671 .898 +51.2 +27.9 
7:44 37517 0.676 +36.4 +34.1 
* Except Ca u 
96 
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TABLE 5—Continued 
Z ORIONIS—Continued 


PHASE Vetocities (Km/SEc) 
DaTE U.T. 
In Days In Period All Lines* Cau 
1947 
Sears Feb. 8 6:03 4.447 0.855 +54.2 +33.8 
10 7:06 1.288 . 248 —69.0 +44.5 
12 7:42 3.313 .637 
13 5:06 4.205 .808 +45.7 +24.6 
13 §:52 4.236 .814 +94.9 +28.4 
15 4:07 0.961 -185 —71.3 +17.2 
15 4:56 0.995 .191 —48.2 +39.2 
17 6:21 3.054 .587 +46.8 + 5.2 
18 §:27 4.016 0.772 +40.5 +23.3 
DN ORIONIS 

VELOCITIES 

G DaTE Ut: (Km/SeEc) 

In Days In Period ALL Lives 

1946 
Aug. 7 11:27 2.936 0.226 + 9.4 
10 11:24 5.934 .458 +11.0 
ee 11 11:28 6.937 .535 —27.1 
13 8.928 .689 + 9.7 
16 14:22 11.933 .920 — 2.7 
17 10:06 12.880 .993 +24.7 
17 11:12 12.926 .997 +15.9 
18 11:28 0.972 .075 +31.3 
19 11:28 1.972 +22.7 
1947 

Jan. 22 5:26 2.138 .165 + 6.8 
24 8:00 4.245 +12.0 
26 7:42 6.233 .481 + 6.5 
26 8:02 6.247 .482 + 1.6 
31 7:24 11.220 .865 —32.5 
31 7:40 11.231 . 866 + 7.0 
Feb. 1 7:16 12.215 .942 + 5.3 
1 7:36 12.229 .943 — 2.7 
2 1:26 0.006 .000 + 7.1 
2 2:06 0.034 .003 +16.4 
2 4:08 0.118 .009 +25.9 
2 4:49 0.147 +13.6 
3 8:08 1.285 0.099 +37.6 
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TABLE 5—Continued 


ZZ PUPPIS 
Puase VELOCITIES 
In Days In Period 
Jan. 22 6:06 5.563 0.878 — 3.3 
23 8:06 0.309 .049 —14.2 
SaaS 24 7:02 1.264 .199 —10.0 
24 7:30 1.284 . 203 + 3.5 
25 8:06 2.309 . 364 —29.2 
See 25 8:28 2.324 .367 +12.3 
26 8:30 + 1.7 
26 9:00 3.346 . 528 +13.4 
30 8:26 0.984 + 0.4 
31 8:43 1.996 + 3.7 
Feb. 1 8:16 2.977 .470 +12.8 
1 8.46 2.998 + 3.5 
2 3.947 .623 +20.3 
AGEs 3 7:15 4.935 .179 +15.2 
ere ere 3 7:47 4.957 . 782 + 1.2 
9 8337 4.654 .734 — 0.8 
9 9:03 4.672 +14.7 
12 8:34 1.314 .207 + 2.9 
13 7:34 2:272 .358 — 7.6 
13 8:16 2.301 . 363 +20.6 
15 6:33 4.230 .667 —16.7 
15 7:07 4.254 .671 +13.8 
ae 18 7212 0.918 0.145 + 5.1 
Z DRACONIS 
PHASE 
VELOCITIES 
PLATE DATE ye 
(1947) 
In Days In Period 
ee Sree Jan. 22 10:05 0.708 0.522 —24.2 
22 11:14 0.756 —17.0 
See 23 12:20 0.444 .327 —74.2 
24 11:17 0.043 .032 —58.1 
24 12:30 0.094 .069 —61.0 
25 12:44 1.104 .813 +13.2 
27 14:33 0.339 . 250 —97.9 
27 12:37 0.384 . 283 —97.8 
eee 28 10:07 1.280 .943 + 2.0 
Ai ee 29 7:54 0.830 .611 +16.2 
29 9:25 0.893 .658 +31.6 
ae 29 10:55 0.956 . 704 +26.1 
29 12:26 1.019 +34.5 
31 12:29 0.306 —96.8 
ee Feb. 2 10:12 0.853 .628 + 6.9 
2 11:14 0.896 .660 +13.9 
2 42:25 0.945 .696 _+10.5 
6 11:14 0.824 .607 —27.6 
6 12:28 0.875 + 1.8 
7 11:18 0.470 0.346 —65.7 
98 


9158 
9175 
921¢ 
9217 
9227 
9228 
9242 
924: 
9262 
9263 
9264 
9278 
9279 
928( 
9281 
9307 
9308 
8935 
8936 
8946 
8961 
8977 
8978 
8996 
8997 
8998 
9011 
9058 
9059 
9060 
9077 
9078 
9079 
9080 
9081 
9110 
9111 
9112 
9113 
9155 
9156 
9173 
9200 
9201. 


TABLE 5—Continued 
Z DRACONIS—Continued 


PHASE 
PLATE DATE 
In Days In Period 
Feb. 7 12:28 0.518 0.382 —67.7 
9 11:26 .823 +58.1 
9 12:38 1.167 . 860 — 5.3 
13 9:50 0.979 .721 +11.8 
14 10:34 0.652 .480 —39.4 
15 10:12 0.279 . 206 —77.2 
17 9:18 0.885 -652 +23.8 
17 10:36 0.939 .692 +26.6 
17 0.994 .732 — 1.8 
18 9:35 0.538 .396 —52.6 
18 10:38 0.582 .429 —49.6 
18 12:28 . 0.658 -485 —25.9 
21 10:08 0.846 .623 + 9.7 
21 11:41 0.911 0.671 +10.3 
UW VIRGINIS 
VELOCITIES 
In Days In Period 

Jan. 22 12:24 1.786 0.986 +56.0 
22 42:55 1.807 .998 +52.8 
23 11:10 0.924 .510 +23.7 
24 10:06 0.069 .038 —56.2 
ene 25 9:57 1.063 .587 +46.4 
25 10:46 1.097 . 606 +50.3 
26 11:30 0.316 iS —16.0 
26 12:25 0.354 .196 —13.6 
10:30 £:275 . 704 +69.7 
31 10:28 1.652 .912 +57.8 
31 10:56 1.672 .923 +51.7 
31 11:26 1.692 .934 +24.1 
| Re Feb. 1 10:05 0.825 .456 + 6.8 
1 10:36 0.847 .468 + 3.6 
1 28:52 0.899 .496 +25.5 
1 12:31 0.927 .512 +20.5 
3 11-12 1.062 .587 +40.2 
3 11:40 1.081 .597 +40.9 
3 12:10 1.102 .609 +49.4 
3 12:42 1.124 .621 +42.6 
7 9:48 1.381 .763 +57.4 
7 10:17 1.401 .174 +64.5 
9 9:36 1.563 .863 +63.1 
Feb. 12 9:29 0.936 +30.5 
12 10:17 0.969 0.535 +13.9 


| | 
99 


100 OTTO STRUVE 


TABLE 5—Continued 
UW VIRGINIS—Continued 


PHASE 
PLATE DaTE 
In Days In Period 

Feb. 13 12:03 0.233 0.129 —12.3 
13 12:26 0.249 .138 —11.8 
15 11:14 0.388 .214 —31.7 
15 11:38 0.405 .224 —23.8 
15 12:04 0.423 . 234 —26.0 
15 12:28 0.439 . 242 —25.6 
eee 20 10:26 1.734 .958 +45.5 
20 10:55 1.754 .969 +53.2 
20 1.793 .979 +45.4 
ee 20 11:51 1.793 0.990 +61.4 


3. YY Eridani.—The spectral types of the two components are both about G5. Since 
the two minima are unequal and the phases are computed from the deeper minimum, 
it is surprising that the velocity-curve of the more massive component has a maximum 
at phase 0.25 P, and not a minimum. It is therefore in front of the less massive compo- 
nent during the principal eclipse. In the spectrum, the two components are well sepa- 
rated near the two elongations. The lines of the individual components show appreciable 
rotational broadening, perhaps of the order of 100km/sec, or even more, for the velocityof 
rotation at the equator of each star. The more massive component has the stronger lines, 
but the difference between the two components is much greater at phases near 0.75 P 
than at phases near 0.25 P. In fact, it was sometimes difficult to tell which component 
was the stronger in the vicinity of phase 0.25 P, while there was never such an uncer- 
tainty in the vicinity of 0.75 P. This is an exceptionally interesting phenomenon and one 
which resembles the variations in relative line-intensities of a Vir, ¢ Aql, and a few other 
spectroscopic binaries of early type. To my knowledge, this type of variation has not 
been previously observed in stars of the W Ursae Majoris class. 

Until an accurate light-curve has been obtained, it is premature to discuss the sig- 
wnificance of the apparent result that the more massive component has the lower tempera- 
ture (because the deeper minimum occurs when the less massive component is being 
eclipsed). 

4. Z Orionis—The spectrum is B3, with very broad and diffuse lines of He 1. The 
Cat lines are sharp and strong. Their average velocity is +24.0 km/sec, which differs 
greatly from the velocity of the system, +2 km/sec. The spectrum of the second com- 
ponent has not been observed. This star is photographically fainter than magnitude 9.6, 
as given in Table 6. The measures were difficult and uncertain because of the diffuse 
character of the lines. A better representation of the observations could have been ob- 
tained with an elliptical orbit, giving w ~ 90° and e ~ 0.2. But the material does not 
warrant this refinement. 

5. DN Orionis.—This star had already been observed in 1944, 1945, and the early 
part of 1946. The spectrum has fairly good lines, but the velocities show no appreciable 
variation, when all lines are used.* The mean velocity from the new plates (+9 km/sec) 
agrees very well with that from the old plates (+8 km/sec). The spectrograms in August, 
1946, were obtained by Mr. John Phillips. Of particular interest is the appearance 


8 Ap. J., 104, 271, 1946. 
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of an emission line at H8, during the eclipse. This was observed on November 18, 1945, 
after mid-eclipse, at phases 0.003-0.021 P. A fairly strong emission line was then ob- 
served on the red side of the absorption line. In other eclipsing variables with emission 
features the red component is usually suppressed after mid-eclipse. Hence it was im- 
portant to observe the spectrum also before mid-eclipse. Spectrograms taken on Aug. 
8 and 17, 1946, at phases 0.993 and 0.997 P, show a strong absorption line at HB, with 
a suggestion of a faint, narrow emission line on the red side, but with no trace of any 
emission on the violet side. On the earlier plate the general appearance of the spectrum 
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is not very different from that observed at maximum light; on the second plate the 
metallic lines are strengthened, but the spectrum is not yet purely that of the gFS star.? 
On February 2, 1947, the eclipse was again observed at phases 0.000 P, 0.003 P, 0.009 P, 
and 0,011 P. On all these spectrograms the type is gF5, and the emission feature is 
present on the red side of the absorption line, as in 1945. The suspicion arose as to 
whether this emission feature could in reality be a narrow strip of continuous spectrum 
between the sharp and relatively weak absorption line of H8 and a relatively strong 
metallic line immediately to the red of the suspected feature. I examined this question 


Tbid., p. 272. 
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carefully on my old plates and concluded that the emission is real. I am inclined to con- 
firm this conclusion from the newer material: the emission feature is especially notice- 
able at phase 0.009 P. It probably originates in an expanding ring of gas rather than ina 
rotating ring. We have other evidence (for example, in the case of UX Mon or in that 
of 8 Lyr) that expanding rings sometimes produce strong emission lines, as well as ab- 
sorption lines. 
_ 6. ZZ Puppis.—The velocities show no periodic variation, and the question arises 
as to whether the identification was correct. I observed BD—18°2026, whose type is 
about A2, with strong lines of H and Ca 1, but very weak and slightly diffuse lines of 
Cat, Fei, Mg tl, etc. 

7. UW Virginis.—The spectrum is A2 or A5, with many excellent lines. The velocity- 
curve suggests a rotational disturbance near phases 0.95 and 0.04 P, with a range of the 
order of +30 km/sec. This is consistent with the appearance of the lines, from which I 
conclude that the rotational velocity is probably less than 50 km/sec. The spectrum of 
the second component has not been observed. 

8. Z Draconis.—The spectrum is A5, with many fairly sharp lines of Fe 1, Ca1, Sr 01, 
etc., but with very weak lines of Fe 11. This is a typical example of the short-period 
A-type binaries, whose spectra are usually characterized by relatively low ionization.’ 
The star is quite faint, and the duration of the eclipse is so short that no spectrograms 
were obtained when the variable was at minimum. The spectrum of the fainter compo- 
nent was not observed. 


DISCUSSION 


The Algol-type stars of very short period confirm and extend the statistical relation- 
ships derived previously.!° These systems have very small mass functions, and their 
mass ratio, a = m,/me2, must be of the order of 5 or, in exceptional cases, even larger. 
The W Ursae Majoris stars are quite different: consisting of two roughly equal compo- 
nents (the value of a for YY Eri is 1.54), their mass functions are normal, considering the 
late spectral types of these stars. For YY Eri, we have m sin’ i = 0.72 © and mg sin*i = 
0.47 ©. Both stars are dwarfs of considerably more advanced type than the sun. 


 [bid., p. 279. 
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A PHOTOELECTRIC STUDY OF THE ECLIPSING VARIABLE 
AR AURIGAE 


C. M. HUFFER AND OLIN J. EGGEN 
Washburn Observatory, University of Wisconsin 
Received May 1, 1947 


ABSTRACT 


The eclipsing variable, AR Aurigae, was observed photoelectrically at the Washburn Observatory 
by Huffer and Stebbins in the years 1935-1939. The system is found to consist of two spherical, well- 
separated stars, revolving about their common center of mass with a period of 4.13467 days. Although 
the eclipses are partial, the geometric aspects of the eclipse are so favorable that, with the aid of the 
luminosity ratio derived from photometric tracings of spectra, a least-squares correction to the pre- 
liminary elements yields a well-determined value for the limb-darkening coefficient of both stars, « = 
uz = 0.50 + 0.05. The results of the least-squares corrections to the preliminary elements have been 
put in such a form as to permit the derivation of any linear combination of these corrections. As an 
example, it is demonstrated that the sum of the radii is more determinate from the light-curve than are 
the individual radii. The combination of photometric and spectroscopic elements yields well-determined 
dimensions of the system (Table 6). 


In 1931, Pedersen and Steensgard! discovered the variability of AR Aurigae and 
published two sets of values? for its light-elements. Their final adopted value for the 
period was 2.0672 days, with the indication that no secondary minimum had been ob- 
served. W. E. Harper,*® from a spectroscopic study, found that the period should be 
doubled, a fact confirmed by the spectroscopic observations of A. B. Wyse‘ and 308 
photographic observations of the light-variation by J. J. Nassau.° 

The present study is based on photoelectric measures made by Huffer and Stebbins 
at the Washburn Observatory in the years 1935-1938 with the photoelectric photometer 
built by A. E. Whitford. A short series of measures was also made in 1939, with the use 
of a differential photometer similar to that described by G. E. Kron.* The comparison 
stars used are listed in Table 1. The stars HD 34452 and HD 34578 were used in 1935- 
1938, together with a rotating sector which reduced their brightness by approximately 
1 mag. Measures of the difference of brightness between these two stars show that they 
may be considered constant. The star HD 33959 was used for comparison purposes dur- 
ing the short series made with the differential photometer. 3 

The normal magnitudes, reduced to AR Aurigae minus HD 34452, are given in 
Table 2, where the fourth column lists the number of observations per normal and the 
third column contains the residuals computed from the final elements. The light be- 
tween minima is apparently constant within the errors of measurement, indicating 
negligible reflection and ellipticity effects within the system. The phases in Table 2 are 
computed from the elements 


Primary minimum = JD 242788717217 +413467E. 


The secondary minimum is found to occur at phase 0°50004, a value in agreement with 
the negligible eccentricity found by the spectroscopic observers. Nassau suspected a 


1 Beob. Zirk., 13, 70, 1931. 4 Pub. A.S.P., 48, 28, 1936. 
2 Ibid., p. 72, and 14, 71, 1932. 5 4.J., 45, 137, 1936. 
3 J. Canada R.A.S., 29, 413, 1935. 6 Lick Obs. Bull., No. 499, 1939. 
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slight displacement of the secondary minimum as defined by his photographic observa- 
tions. 

A preliminary solution for the elements of the system was made, using a method dis- 
cussed by Z. Kopal.’ A check solution with the use of J. E. Merrill’s unpublished tables? ' 
gave concordant results. In both these solutions the coefficient of limb darkening, from 


TABLE 1 
COMPARISON STARS FOR AR AURIGAE 
HD a(1900) 6(1900) my HD Spec. 
55118 +33° 39’ Var. B9 
5 13.4 33° 52 5.16 A5p 
TABLE 2 
NORMAL MAGNITUDES OF AR AURIGAE 

Phase Am O-C n Phase Am O-C n 
—0™524 +07006 4 —0"239 +0002 4 
— .482 + .004 4 — .346 — .002 4 
— .390 — .005 5 — .415 + .004 4 
— .272 + .003 4 — .388 + .004 4 
— .209 — .004 5 — .342 — .005 4 
— .159 — .004 5 — .256 .000 6 
— .091 + .002 4 — .169 + .009 5 
— .056 + .004 4 — .000 5 
ee — .021 + .002 4 Lo eee — .049 — .004 6 
+ .010 — .003 & + .011 — .004 6 
+ .047 + .001 6 + .073 + .006 5 
+ .075 + .003 6 + .116 — .004 4 
+ .088 — .003 6 + .136 + .002 4 
+ .104 — .004 6 + .136 + .002 4 
+ .128 + .004 8 + .139 + .005 2 
+ .133 — .001 4 + .128 — .005 5 
Sere + .135 + .001 4 tere + .130 — .002 4 
+ .129 — .005 5 + .135 + .001 4 
+ .137 + .003 4 + .134 .000 4 
+ .131 — .003 4 + .136 + .002 4 
+ .133 + .001 2 + .141 + .007 4 
+ .132 — .002 + .131 — .003 4 
+ .137 + .003 4 + .131 — .003 4 
+ .138 + .004 4 + .134 .000 6 
cee + .110 — .002 5 A! + .110 — .002 5 
+ .063 + .003 5 + .050 .000 4 
— .ol1 — .004 5 — .032 — .003 5 
— .061 + .002 5 — .099 + .001 4 
— .105 — .005 4 — .246 — .002 4 
—0.182 —0.005 4 — .440 .000 4 
—0.533 +0.001 4 


Harvard Mono., No. 6, 1946. 


* Kindly furnished by the author in advance of publication. 
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the darkening law J = Jo(1 — «+ ucos Y), was assumed to be u = 0.4 for each star. 
The adopted preliminary elements are as follows: 


L,= 0.537 , 1—d, = 0.4639 , 

L, = 0.463 , 1— dr. = 0.4007 , 

r, = 0.0983 , U, = U2 = 0.4 (assumed) , 
= 0.0983. cos i = 0.02408 , 


where the subscript 1 refers to the brighter star, which is eclipsed at primary minimum 
with the loss of light 1 — Au. 

The apparent absence of such complications as ellipticity of figure and reflection ef- 
fect in the system of AR Aurigae made it appear possible to improve the preliminary 


70.5 


0.2 0.4 0.6 0.8 


i 


Fic. 1.—Light-curve for AR Aurigae 


elements by least squares. The original observations were reflected about mid-eclipse 
within each minimum and then combined into the supernormals of Table 3. The obser- 
vation equations for the primary minimum were put into the following form:° 
fi Of; 
on dA re rat cos? i 
those of the secondary minimum being identical with the appropriate interchange of sub- 
scripts. Because of the additional condition, AL; = —AL2, the unknown AL» was elimi- 
nated from the solution. Also, inasmuch as the preliminary elements as well as the spec- 
troscopic resuits point to almost identical stars, the further simplification of #; = uz has 
been made, permitting the substitution of « = 3(w + m2) for m and uz in equation (1). 
The labor of calculating the differential coefficients of equation (1), which are given In 
Table 3, was materially reduced by the use of unpublished tables prepared by J. B. 
Irwin, to whom we are extremely grateful. ; 
Each weight listed in the eighth column of Table 3 is the product of the empirical 
weight, which is proportional to the number of observations, and the intrinsic weight, 


A. B. Wyse, Lick Obs. Bull., No. 496, 1939. 
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which is proportiona] to the depth of the eclipse at the given phase.'° The intrinsic 
weight of an observation near internal tangency of the eclipses of AR Aurigae is approxi- 
mately three times the weight of an observation near first contact. However, the distri- 
bution of the observations is such that in the final weight this extreme range is much 
reduced. 

In the formation of the supernormals of Table 3, care was exercised in the prevention 
of combining observations over too large a time interval within the regions where the 
coefficients of equation (1) are changing rapidly. To determine whether this had been done 
correctly and as a partial check on the weights, a control solution was carried through with 
fifteen normals for the primary minimum and ten normals for the secondary minimum. 
The resulting solutions differ by negligible amounts. 


TABLE 3 
DIFFERENTIAL COEFFICIENTS 
Minimum Phase l 0.10% 0.102 0.01 of 190 Al Wt 
ori ore dcos?i ou 

0°0246 | 0.9440 | +0.102 | +0.200 | +0.494 | —0.122 | —0.242 | —0.0012 | 0.8 

0206 . 8892 211 .110 | + .559 0.187 | — .182 | + .0022} 1.2 

0176 .8301 312 | — .006 | + .651 0.248 | — .034} — .0028 | 0.9 

I 0149 . 7825 407 | — .128 |} + .720 0.311 | + .138 | + .0006 | 0.9 
anak oat 0123 .7252 514} — .273 | + .781 0.398 | + .337 | + .0010 | 1.0 
0081 .6437 660 | — .476 | + .840 0.575 | + .558 | — .0023 | 1.0 

0041 .5756 794 | — .639 | + .867 0.911 | + .632 | + .0018 | 1.1 

0012 . 5430 867 | — .714| + .865 1.304 | + .580 | + .0030 | 1.1 

5258 .9648 073 | + .366 | + .209 0.114 | — .224 |} — .0012 | 0.7 

5206 .9060 213 | + .561 | + .108 0.189 | — .179 | + .0048 | 0.9 

5163 .8311 354 | + .684 | — .059 0.274 | — .094; — .0048 | 0.8 

Be coe 5131 . 7836 471 | + .758 | — .215 0.360 | + .259 |} + .0021 | 1.0 
5098 . 7236 598 | + .818 | — .387 0.489 | + .476 | + .0005 | 1.1 

5068 . 6689 705 | + .853 | — .530 0.653 | + .603 | — .0043 | 1.1 

0.5022 | 0.6149 | +0.842 | +0.868 | —0.692 | —1.137 | +0.604 | +0.0049 | 1.2 


The observation equations, from both minima, were combined into normal equations, 
the solution of which leads to the following corrections: 


AL, = +0.020+ 0.021, Acos?i=+0.00011 + 0.0006, 
Ar, = +0.003 + 0.002 , Au = +0.13+ 0.06. (2) 
Ar, = — 0.001 + 0.002 , 


The relativeindeterminacy of the distribution of the total light between the stars, which is 
aresult of thenear-equality of the depth of the two eclipses, is shown in the indeterminacy 
of the individual radii. Fortunately, it is just such systems as AR Aurigae that present 
the most favorable conditions for obtaining the relative intensities of the light from the 
components by photometric tracings of spectra. Such tracings have been obtained by 
A. B. Wyse‘ and R. M. Petrie."! From his tracings, Wyse" concluded: 

The spectrophotometric results are not so reliable as might have been hoped, because of the 


graininess of the Imperial Eclipse plates that were used. At the same time they are probably 
better than a finer grain emulsion with lower dispersion would be. The only dependable con- 


H.-N. Russell, Ap. J., 95, 345, 1942; and Z. Kopal, Ap. J., 94, 145, 1941. 
" Pub. Dom. Ap. Obs., 7, 206, 1931. 
' Private correspondence with Dr. Huffer, December 13, 1935; see also n. 4. 
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clusions that can be drawn are that the secondary has fainter lines than the primary in the ratio 
of about 0.9 for Ad 4481 and 4549. (This refers to the total area of the absorption lines.) The 
ratio is probably closer to unity for the hydrogen lines, such as 0.9, 0.95, and 1.0 for Ha, Hp and 
Hy respectively; but I have only one plate showing the hydrogen lines (Eastman 33, 35 A/mm 
at H+), and so this last is not conclusive. The two components are so nearly the same spectral 
class that the intensity ratio of their absorption lines must be approximately equal to the ratio 
of total brightness, i.e., the secondary must be about nine-tenths as bright as the primary. 


Petrie, from measures of two lines, K and Hy, on five Victoria plates, finds a ratio of 
intensities of 0.83 + 0.04. Taking the mean of Wyse’s ratios as 0.93 + 0.04 and giving 
the larger amount of Victoria material double weight, we obtain the ratio of line intensi- 
ties of 0.86 + 0.04, the identical value of Z./L; = 0.86 obtained from the preliminary 
solution of the light-curve and leading to the values Z; = 0.537 + 0.012 and Ly, = 
0.463 + 0.012. 

If we eliminate AZ, from the least-squares solution and solve for the other corrections 
in terms of it, we obtain 


Ar, = 0.0000 (+ 0.0003) —0.0859AZ, , ) 
Ar, = 0.0000 (+ 0.0004) +0.1112AZ,, 
A cos?i = + 0.00007 (+ 0.00004) + 0.0005AZ, , 
Au=+0.10  +1.8262AL,. 
Adopting the above derived value of Z; = 0.537 + 0.012, we then find the final elements 


in Table 4. It should be noted that if the darkening coefficients, u and m2, are separa- 
ted in the expressions (3), we obtain mu; = 0.49 + 0.08 and u2. = 0.52 +0.09 in Table 4. 


(3) 


TABLE 4 
PHOTOMETRIC ELEMENTS OF AR AURIGAE 
r; = 0.0983 + 0.0007 cos 7 = 0.0255 + 0.0009 
ro = 0.0983 + 0.0009 L, = 0.537 + 0.012 
u=0.50 +0.05 L. = 0.463 + 0.012 


It is of interest to put the results in expression (2) in a form from which it will be con- 
venient to find the probable errors of certain linear functions of the unknowns. As has 
been previously pointed out by Russell!® and Kopal,!° the usual geometric elements, 
k and i, are not the most determinate quantities which are derivable from the light- 
curve, especially in such cases as AR Aurigae, where the eclipses are nearly equal or 
where the eclipses are relatively shallow. If the desired function of the elements is in 


the form 
F=Ax+By+Cz+ Dw+EAl, , 
where 
x=10Ar,, y=10An, z = 100A cos?7 , and w=0.10Au 


we find!3 


A =—1.1521K,, 
B= 
C = +0.0046Ky + 0.6473K1— 0.9400K2 , (4) 


D = + 0.0681 Ky — 0.2010K,4+ 0.6455 K,—0.1128K;, 
E= +2.0390K,o— 0.8041 K,— 0.0611 K,+0.0206K;— 0.0088 K,. ) 
13 Chauvenet, A Manual of Spherical and Practical Astronomy (New York, 1863), 2, 451. 
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The function can be found from 


= — 0.00064 Ky + 0.00020K, — 0.00370K:2 — 0.00109K;— 0.00017 K, ; 


and its probable error, Rr, is given by 


R2, = [+1.1521K2+ 0.8997 K? + 0.9400K? + 0.1128K2 + 0.0088K?] R? , 


where R = +0.0020 in light-units, the probable error of a supernormal of unit weight 
in Table 3. For example, we obtain Ar; + Arz = +0.0015 + 0.0001 from equations (4) 


TABLE 5 
DARKENING COEFFICIENTS AT 4500 A 
Star Spec u Authority 
ar B9 0.57+0.04 | Irwin, Panel for Eclipsing Binaries, Bull. 
No. 3, 194 
AR Aur AB..... B9 .50+ .05 | Present study 
AO .51+:.24 | Kopal (from light-curve by Stebbins), 
Proc. Amer. Phil. Soc., 86, 349, 1943 
VZ Cos A... A3 0.49+0.04 Kron. Ap. J., 96, 173, 1942 
TABLE 6 
SPECTROSCOPIC ELEMENTS OF AR AURIGAE 
Element Wyse Harper Adopted 

0.0 (assumed) 0.009 +0.010 0.00 
6.10 10° km 6.06X 10® km 6.08 X 10° km 
6.60X 10° km 6.87X10° km 6.75 X 10% km 

+ 25.1+0.8 km/sec + 25.6+0.8km/sec |....... 
2.480 2.680 2.550 
me sin? 4....... 2.290 2.360 2.300 
0.923 0.880 0.900 
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- as compared with Ar, = +0.003 + 0.002 and Ar, = —0.001 + 0.002, as given by the 


relations (2). 


The darkening coefficient in Table 4 is of particular interest. Previous determinations 
of the darkening at 4500 A of stars of similar spectral type are shown in Table 5. The 
spectroscopic elements of AR Aurigae, derived by Wyse‘ and by Harper,‘ together with 
the final dimensions of the system, are given in Table 6. 


We are indebted to Dr. Joel Stebbins for much helpful discussion in connection with 


this study. 


Pub, Dom. Ap. Obs., 6, 311, 1938. 


. 7 
q 
q 
‘i 
F 
a 
a 
i 
4 
‘ 
q 
4 


THE ECLIPSING BINARIES ZZ CEPHEI AND UY VIRGINIS* 


GEORGE H. HERBIG 
Lick Observatory 
Received April 26, 1947 


ABSTRACT 


Spectrographic elements have been obtained for the eclipsing binaries ZZ Cephei and UY Virginis. 
The brighter of the two visual companions of ZZ Cephei has been found to be a spectrum variable with 
a period of 3.770 days. 


I. THE SYSTEM OF ADS 16252 

ZZ Cephei = ADS 16252-A.—The variability of ZZ Cephei! (=410.1929 Cep = 
BD+67°1463 = HD 215661 [A2] = 02 529-A = ADS 16252-A) was discovered by H. 
Schneller at Neubabelsberg? and was recognized to be of the eclipsing type. The variable 
is the brightest component of the triple system* ADS 16252, and on small-scale plates it 
is blended with the B component, 3”6 distant in p = 202°. The photographic range of 
the combined light of A and B is 8.6-8.9 mag., according to Schneller,?* while the vari- 
able itself ranges between 9.0 and 10.1 mag. on larger-scale plates, where the images of 
the two stars are resolved. Schneller derived the light-elements 


Min = JD 2425936.60+291419E 


from seven minima in 1927-1929. Unpublished observations by K. Kordylewski® gave 
the elements 


Min = JD 2427403.710+251418E, 


which were found to represent satisfactorily fourteen minima observed by A. Kwiek® in 
1934-1935. Kwiek, however, derived an improved normal minimum on the basis of his 
observations; i.e., JD 2427928.4507. Two additional minima were observed photo- 
graphically in 1944 and 1945 at Mount Hamilton. When combined with Kwiek’s obser- 
vations, these minima gave the improved elements 


Min = JD 2427928.451 + 2%141800E. 
(+ 0.001) (+ 0.000002) p.e. 


- These elements have been employed throughout the present paper. 

Schneller’s‘ photographic light-curve revealed that the principal minimum, with a 
total duration of 5 hours, had no constant phase at minimum; there was no indication of 
a secondary minimum or of any appreciable ellipticity effect. Kwiek’s visual observa- 
tions, on the other hand, indicated the duration of primary minimum to be 10.1 hours; 


* Contributions from the Lick Observatory, Ser. II, No. 18. 
(1900) = 225417; 5 (1900) = +67°30’. 
2 A.N., 237, 221, 1929. 


It is the north-following component of this triple star, not the south-following one, as stated by 
Schneller. 


4 Veriff. Berlin-Babelsberg, 8, Heft 6, 49, 1931. 
5 Rocznik astronomiczy obserwatorjum Krakowskiego, No. 13, p. 55, 1935. 
® Acta astr., Ser. C, 2, 137, 1936. 
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probably much of the difference can be ascribed to the fact that the blending of the 
light of the B component of the triple system on Schneller’s small-scale plates would 
tend to mask a gently sloping shoulder of the primary minimum. 

ZZ Cephei was included in the Lick Observatory spectroscopic program of the late 
Dr. A. B. Wyse, but only one spectrogram had been obtained prior to his death. The 
plate was, however, not of the best quality; and, since it could not contribute anything 
of value to the present study (the period being known with sufficient accuracy), it was 
not included in the discussion. The thirty-five spectrograms used in this investigation 
were obtained in 1944-1945 with the two-prism spectrograph of the 36-inch refractor 
and a 6-inch camera. The dispersion is 75 A/mm at Hy, and the exposures averaged 
about 35 minutes when the variable was outside eclipse. All but a few plates were taken 
on the relatively fine-grain, low-contrast Eastman IIa—O emulsion. 

The velocities given in Table 1 were grouped into eight normal places, each contain- 

ing from three to five individual velocities. Table 2 contains these normal places, their 
probable errors as obtained from the individual plate residuals, the number of plates 
included, and the residuals of the normal places from the orbit of Table 3. 
« The spectroscopic elements in Table 3 were derived after several adjustments. No 
formal attempt was made to correct the elements by least squares in view of the large 
scatter of the observations; however, the final adjustments leading to the elements of 
Table 3 were guided by the criterion that [pvv] should be a minimum. Figure 1 shows 
the representation of the observations with the elements in Table 3. 

Between eclipses the spectrum of ZZ Cephei is of type’ B7. The hydrogen lines are 
strong and broad, but the weaker lines do not suggest a large velocity of rotation. The 
micrometer settings on the lines were rather uncertain, as is evidenced by the large 
probable error of the velocity from a single plate, + 14.4 km/sec. The B7 star dominates 
the photographic region, but a few very weak metallic lines, notably AA 4383 (Fe 1), 
4325 (Fe1+ Sc), 4307 (Fe1+ Tim), 4271 (Fe1), and 4045 (Fer), were usually 
present on good plates at all phases and served to define the velocity-curve of the 
fainter component. Only near the nodes did the difference in velocity between the two 
stars become sufficiently large to reveal the duplicity of the hydrogen lines. A good 
spectrogram taken at mid-primary eclipse (phase 0.999 period) revealed the fainter star 
to be of spectral type FO V. 

Measurements of the sharp and moderately strong K line in the B7 star give a mean 
velocity of —21.5 km/sec. The component of the velocity of the sun in the direction of 
ZZ Cephei is — 11.1 km/sec. The K line is not entirely stationary, however, for the indi- 
vidual plates show a tendency toward a slight sinusoidal wave in the velocities, of semi- 
amplitude about 15 km/sec, and in phase with the velocity-curve of the B7 star. This is 
probably due to the blending of the predominant interstellar K line with that of the B7 
Star. 

The slit width used for the spectrograms of ZZ Cephei was 0.10 mm, which corre- 
sponds to 173 in angular measure in the focal plane of the 36-inch objective. The per- 
pendicular distance from the slit (which was placed east-west) to component B was 374 
when the variable was on the slit. It is quite conceivable that there was an unconscious 
tendency in the guiding to overemphasize the necessity of keeping component B off the 
slit. In good seeing, when the star image (in photographic light) falls almost entirely 
within the slit jaws, this would tend to introduce a guiding error which would operate 
to produce positive (O—C) residuals with telescope east of pier, and negative residuals 
with telescope west. The residuals of the B7 star seem to show such an effect, as exhibited 
in Table 4. 

When the residuals are weighted according to the quality of the seeing, the effect be- 


7 All spectral types in this paper are on the Yerkes system of Morgan, Keenan, and Kellman, An Allas 
of Stellar S pectra (Chicago: University of Chicago Press, 1943). 


i 
a 
i 


114 GEORGE H. HERBIG 


comes very much more conspicuous. The very large scatter, as well as the fewer plates, 
mask such a tendency in the velocities of the FO star. Such an effect is a combination 
of the guiding error and of the systematic differences, peculiar to the spectrograph and 
arising from flexure and collimation effects, between velocities determined with telescope 
east and west of the pier.’ The uncertainty in the value of these mean residuals is so 


TABLE 1 
SPECTROGRAPHIC OBSERVATIONS OF ZZ CEPHEI 
VELOocITY 
JD 2431+ 
P N DATE (HELIOCEN- (Ku/Sec) PHASE MEAN 
(Geocentric U.T.) tric G.M.T.) (PERIOD) PHASE 
B7 Star FO Star 
1944 Sept. 28, 8>35™ 361.858 + 1.8 + 98. 0.048 
1945 Jan. 24, 2 54 479.621 .031 0.021 
Sa 1945 Jan. 24, 3 40 479.653 — 88.6 + 36. .046 ; . 
ne 1944 Aug. 10, 7 43 312.822 —102.8 +132. .152 
1944 Sept. 28, 12 54 362.039 «faz 
. 1944 Nov. 8, 6 12 402.761 —106.0 +157. .145 .142 
1944 Nov. 8, 6 50 402.787 £157 
1945 Jan. 7, 4 29 462.688 — 75.3 +179. .124 
1944 Dec. 4, 2 30 428 .606 .212 
1944 Dec. 4, 3 06 428.631 .224 232 
1945 Feb. 17, 3 08 503.629 —106.6 |.......... 
ee 1945 Feb. 17, 3 40 503.651 — 144.5 +170. .251 
1944 Oct. 3, 6 42 366.781 .346 
1944 Oct. 3, 8 27 366.854 . 380 
1944 Nov. 28, 2 58 422.626 .420 .402 
lo res 1944 Dec. 13, 3 06 437.631 — 47.8 + 55. .426 
as 1944 Dec. 13, 3 42 437.656 — 68.7 + 36. .438 
1944 Oct. 23, 2 53 386.622 .610 
1944 Oct. 23, 3 34 386.651 .624 504 
1945 Jan. 8, 2 18 463.597 + 26.8 — 78. .549 
\ 1945 Jan. 23, 4 19 478.680 + 27.0 —145. 591 
1944 Aug. 22, 5 09 324.716 . 706 
1944 Oct. 6, 7 09 369. 800 756 . 739 
eee 1945 June 22, 11 02 628.958 + 73.2 —189. 755 
1944 Oct. 6, 9 58 369.918 811 
1944 Oct. 19, 8 34 382.859 .853 
1944 Oct. 19, 9 06 382.881 . 864 854 
a 1944 Nov. 16, 6 10 410.755 + 60.7 —162. .877 
1944 June 3, 10 37 245.940 926 
1944 Oct. 17, 6 28 380.771 .878 
1944 Oct. 17, 7 00 380.794 .888 0.907 
1944 Oct. 19, 11 51 382 .996 + 11.8 — 142. .917 
1945 June 29, 9 46 — 10.4] 0.999 

’ For a provisional determination of the amount of this systematic effect see R. J. Trumpler, Lick re 

Obs. Bull., 18, No. 494, 172, 1938. 
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large that they were not applied as corrections to the individual velocities. The principal 
effect of such a correction would be to displace the y-axis; the effect on the other elements 


would be small. 


ADS 16252-B.—The B component of ADS 16252 is located at d = 376, p = 202° 
(from ZZ Cephei), and is of photovisual magnitude 10.2. The measurements of relative 
position given in Aitken’s Catalogue, supplemented by a photographic position deter- 


TABLE 2. 
NORMAL VELOCITIES OF B7 COMPONENT OF ZZ CEPHEI 
Phase | Velocity | P.E. | No. of | || phase | Velocity | No. of | Residual 
(Period) | (Km/Sec) | (Km/Sec) | Plates (Km/Sec) (Period) (Km/Sec) | (Km/Sec) | Plates (Km/Sec) 
0.021....| — 39.4 +13.1 4 — 9.9 || 0.594....| + 35.9] + 7.7 4 + 3.1 
90.7 7.4 5 — 2.5 89.7 8.0 3 + 9.7 
110.1 8.0 1.5 61.3 4.6 5 + 1.9 
0.402....| — 65.2 7 —10.8 || 0.907....| + 23.2 + 4.2 5 —12.1 
TABLE 3 
SPECTROSCOPIC ELEMENTS OF ZZ CEPHEI 
P (assumed) = 2.141800 days K2= 205.0 km/sec 
T = phase 0.699 period, counted a, sin t = 2.80 X 10°km 
from primary minimum a, sini = 6.03 K 10°km 
y = —17.4 km/sec m, sin? i = 4.10 © 
e = 0.03 me, sin? i = 1.90 © 
w, = 340° m,/ms = 2.16 
K, = 95.0 km/sec 
PHASE (DAYS) 
0.0 , 1,0 2.0 


Fic. 1.—The velocity-curves of ZZ Cephei. The o 


0.5 Ke) 
PHASE (PERIODS) 


n circles represent the normal velocities of the B7 


component; their radii are equal to the mean probable error of the velocity of a normal place. The points 
represent velocities of the FO component from individual! plates. 
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mined with the 36-inch refractor in 1944, indicate no sensible change in separation or in 
position angle since 1849. The spectrum of ADS 16252-B is of type A2p. The Si 11 pair, 
AA 4128-4130, is very strong, and the K line is very weak for the spectral type; Sr 0 
\ 4077 is also rather strong. Several lines of Cr 11 and Eu nu, which are often fairly promi- 
nent, are at other times very faint or absent. The most prominent variable lines are 
Eu 3930.50, 4205.05, and Crit 3979.51, 4012.50. Another member of the 
a®S° — z°P multiplet of Eu u, to which \ 4205.05 belongs, is located at \ 4129.73, be- 
tween the two Siu lines, and undoubtedly contributes to their strength. A persistent 
displacement of Sr 11 \ 4077 toward the violet by about 0.5 A might be explained by 
the presence of the Cr 11 line at \ 4076.87. 

A majority of the spectrograms of ADS 16252-B were taken on the rather grainy 
Eastman 103a—O emulsion, with the result that estimates of the strengths of the variable 
lines are somewhat uncertain. Although the observations do not rule out the possibility 
that all the lines do not vary precisely in phase with one another, the following elements 


TABLE 4 
VELOCITY RESIDUALS OF B7 STAR 
Mean No. of 
Residual PE. Plates 
+0.7 km/sec +2.7 km/sec 28 
Pelescope west. —1.7 7 


were found to represent satisfactorily the general variation of line intensities on the 
twenty-four plates available: 


Maximum intensity = JD 2431308.0+ 3°770E. 


The star probably is a member of W. W.“Morgan’s chromium-europium group of spec- 
trum variables.’ The radial velocity of ADS 16252-B, based on measures of nineteen 
spectrograms, is —0.6 + 1.9 km/sec. There is no indication of any variation in the 
velocity. 

ADS 16252-C.—The faintest component of ADS 16252 is located at d = 20%6, 
p = 219°; the photovisual magnitude is 11.0. Double-star measurements indicate no 
sensible relative motion since 1849. The spectrum is quite normal and is of class AS V. 
The radial velocity from three plates is —5.4 + 2.6 km/sec. 

The distances of the three components of the visual system from the sun, as judged 
from the absolute magnitudes corresponding to the apparent magnitudes and spectral 
types, may be of the same order, about 600 parsecs; but the evidence of the relative radial 
velocities leaves little choice except the conclusion that the A—B system is not a physical 
one, unless the B component possesses variable radial velocity. The absence of relative 
motion is of little significance in view of the very small proper motions to be expected 
of such distant stars. 

II. UY VIRGINIS 


The variability of UY Virginis'® (=BD—18°3528 = HD 113158 [A3] = HV 3003) 
was discovered by Miss A. J. Cannon" on the Harvard plates; she listed six dates on 

Ap. J., 74, 24, 1931.) 

10 q@ (1900) = 1256™6; 6 (1900) = —19°15’. " Harvard Circ., No. 231, 1922. 
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which the star was faint. E. Hartwig" derived the light-elements 


Min = JD 2421697.0+ 15998 E, 


apparently from the dates given by Miss Cannon. F. Henz’* obtained the elements 


Min = JD 2424302.399+1°09955E 


from observations of the beginning of four minima and the end of two minima, those 
phases being well defined. F. Lause'* found that the variable was not faint in 1937 at 
the times predicted by Henz’s 1925 elements; minima observed in 1937 by O. Morgen- 
roth! also did not fit Henz’s elements. J. Gadomski'® was unable to represent either the 
published times of minima or his own observations by linear elements; he suggested the 
elements 


Min = JD 2424302.399+1°9982E 
for the year 1938. Lause'® obtained the elements 
Min = JD 2428285.499 + 1°99441E 


from his own observations in 1936 and 1937; he agreed that the minima could not be. 
fitted to linear elements. Gadomski'’ announced that the true period was one-third of 
that previously accepted, and he derived the elements 


Min = JD 2424302.40 +  09666063E. 
p-e.(+ 0.02) (+ 0%000003) 


In 1946, Mrs. Cecilia H. Payne-Gaposchkin very kindly communicated to the writer a 
set of accurate, unpublished elements which she had obtained from Harvard photo- 
graphs: | 


Min = JD 2430999.969 + 1°909447584E. | 


These elements were found to fit the spectrographic observations satisfactorily, which 
was not the case with Gadomski’s period of 0.666 day. The Harvard elements have been 
used throughout this paper. 

The Lick spectrographic observations of UY Virginis listed in Table 5 were begun by 
Wyse, who obtained nine spectrograms in 1936 with the two-prism spectrograph and 
6-inch camera attached to the 36-inch refractor. An additional series of spectrograms 
was exposed by the writer in 1944, 1945, and 1946 with the same equipment. The major- 
ity of the 1944-1946 plates were taken on either Eastman 103a-O or IIa-O emulsion; 
the exposures averaged about 20 minutes. The plates were measured with a micrometer 
microscope and were reduced with the aid of the wave lengths recommended for A-type 
stars by Commission 30 (Radial Velocities) of the I.A.U.!* The probable error of the 
velocity given by a single plate, as determined by the residuals from the adopted 
velocity-curve, is +4.7 km/sec. 


2 V.J.S., 57, 207, 1922. 
3 Beob. Zirk., 8, No. 19, 39, 1926. 16 Op. cit., 263, 381, 1937; 264, 107, 1937. 
M4 4.N., 263, 165, 1937. 17 4.N., 264, 327, 1937. 

% 4_N., 263, 166, 1937. 18 Trans. 1.A.U., 4, 188, 1932. 
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TABLE 5 
SPECTROGRAPHIC OBSERVATIONS OF UY VIRGINIS 
JD Heliocentric 
Plate Date 

No. (Geocentric U.T.) Phase 
(Geocentric) (Period) 

1936 Feb. 7, 9"46™ 28205 .907 —43.1 0.101 
1936 Feb. 7,10 47 28205 .949 —32.1 
1936 Mar. 4, 9 49 28231 .909 —40.7 .139 
1936 Mar. 4, 10 49 28231.951 —20.1 . 160 
1936 Feb. 7,13 10 28206.049 —25.5 
Se 1936 Feb. 26, 9 59 28224.916 +66.1 .633 
1936 Mar. 19, 8 48 28246. 867 +66. 1 .639 
1936 May 22, 4 40 28310. 694 +66.0 .640 
1936 Mar. 13, 9 30 28240. 896 +70.5 
| re 1944 May 5, 4 17 31215.679 —22.3 .156 
1944 May 5, 4 58 31215.707 —12.9 .170 
1945 May 3, 4 54 31578. 704 —27.5 
ae ee 1946 Jan. 9, 12 30 31830.021 —28.6 .176 
ee 1945 May 3, 5 17 31578.720 —32.4 . 180 
<a 1944 May 5, 5 41 31215.737 —23.7 -185 
1946 Jan. 9, 13 03 31830.044 —23.4 187 
1946 Jan. 9, 13 35 31830 .066 —15.5 .198 
1944 May 5, 6 25 31215.767 —29.7 . 200 
ee 1944 Apr. 1, 8 58 31181.873 —42.0 .207 
1944 Apr. 1, 9 15 31181.885 —34.9 
1945 Apr. 27, 7 25 31572 .809 —50.3 .216 
ee 1944 May 5, 7 13 31215.801 —36.6 .217 
1945 Apr. 27, 7 47 31572 .824 —48.2 .223 
1944 May 5, 7 36 31215.817 —32.3 .225 
1944 May 9, 8 27 31219.852 —45.5 . 249 
1945 Apr. 29, 8 54 31574.871 —50.3 . 250 
1944 May 9, 8 50 31219. 868 —45.8 
1945 Apr. 29, 9 17 31574. 887 —36.8 .258 
1944 Mar. 31, 6 34 31180.773 +59.2 .655 
1944 Mar. 31, 6 50 31180. 784 +64.8 .661 
1945 Mar. 1, 8 50 31515. 868 +83.4 . 666 
1944 Mar. 31, 7 06 31180.796 +64.2 .667 
1944 Mar. 17, 8 15 31166. 844 +85.8 .671 
1944 Mar. 31, 7 23 31180. 808 +71.0 .673 
1945 Mar. 1, 9 13 31515. 884 +75.2 .674 
OS 1945 Mar. 1, 9 36 31515.900 +76.4 .682 
| SER ee 1945 Mar. 1, 9 58 31515.915 +89.1 .690 
1944 Mar. 17, 9 15 31166. 886 +92.8 .692 
1944 Feb. 16, 11 44 31136.989 +75.2 .701 
1945 Mar. 1, 10 33 31515 .940 +82.7 .702 
ae 1944 Mar.17, 9 51 31166.911 +81.7 .705 
1945 Mar. 1,10 54 31515 .954 +84.7 .709 
1944 Feb. 16, 12 26 31137.017 +86.3 
1945 Mar. 1, 11 17 31515.970 +76.3 
1945 Mar. 1, 11 39 31515.985 +84.0 
1945 June 15, 4 38 31621 .693 +84.6 By 
1944 Feb. 16, 13 07 31137 .047 +84.2 . 730 
(Ser 1945 June 15, 5 03 31621.711 +92.2 . 734 
1946 Apr. 24, 9 26 31934. 893 +80.9 .760 
eee 1946 May 20, 8 08 31960. 839 +74.3 .768 
MSs Chics ee 1946 Apr. 24, 9 57 31934.914 +72.0 .770 
Cl 1946 May 20, 8 38 31960. 860 +69.5 .778 
1946 Apr. 24, 10 28 31934. 936 +77.4 0.781 
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The low declination of UY Virginis (— 19°) makes it very difficult to observe at Mount 
Hamilton at hour-angles greater than about 3.5 hours. This circumstance, together with 
the fact that the period differs from 2 sidereal days by only 0.000063 day, makes it im- 
possible to cover the entire velocity-curve in a practical length of time from a northern 
observatory; over 60 years would be required at Mount Hamilton. For this reason the 
1944-1946 observations are confined to two regions, half a period apart, extending from 
phase 0.15 to 0.26 period, and from 0.65 to 0.78 period. All that can be said for the 
spectroscopic elements (Table 6), obtained on the basis of this restricted material, is that 


TABLE 6 
SPECTROSCOPIC ELEMENTS OF UY VIRGINIS 
P = 1.99447584 days (assumed) K = 80.0 km/sec 
Epoch of | vy = +4.0 km/sec 
primary } = JD 2430999 .969 (assumed) e= 0.30 
minimum } w = 269°65 
T = Phase 0.571 period = 1.139 asin it = 2.09 X 10®&km 
days f = 0.092 © 
PHASE (DAYS) 
0.0 Ke) 20 
+40;- 
00 
PHASE. (PERIODS) 


Fic. 2.—The velocity-curve of UY Virginis. The open circles represent velocities of the A7 component 
from individual plates exposed in 1944-1946; their radii are equal to the mean probable error of a single 
velocity. The shaded circles represent the 1936 spectrograms. 


they represent the available observations satisfactorily. It may be that radial-velocity 
observations made at phases at present inaccessible from the Lick Observatory would fail 
to fit these elements. The elements are therefore advanced with the caution that some 
future revision may be necessary when the entire velocity-curve comes under observa- 
tion. 

The elements given in Table 6 were obtained from the 1944-1946 observations after 
several adjustments, and Figure 2 shows the computed velocity-curve drawn through the 
observations. 

Only one spectrum is visible, of type A7 on the Yerkes system; the luminosity class is 
V. The metallic lines are sharp and well defined; The absence of any suggestion of rota- 
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tional broadening was one reason for regarding a period of 0.666 day with suspicion. The 
1936 spectrograms were not included in the solution for elements because of the possibil- 
ity of a change in the period and because their quality is not high. Three of them, how- 
ever, fall outside the portions of the velocity-curve now accessible from Mount Hamilton. 
Their departure from the adopted curve is in the direction to be expected of a rotational 
effect. 

Both — adomski and Lause were of the opinion that the times of primary minima of 
UY Virginis could not be predicted by linear elements. The change in the period is well 
shown by the deviations of the published times of primary minima from Mrs. Gaposch- 
kin’s linear elements. These residuals are summarized in Table 7. 


TABLE 7 


RESIDUALS OF PRIMARY MINIMA OF UY VIRGINIS 
FROM A CONSTANT-PERIOD EPHEMERIS 


Number Mean Mean 
Year of E Residual Source 
Minima (O-—C) 
ar 6 — 3359 —07121 F. Henz, Beob. Zirk., 8, 39, 1926 
1 2696 — .164 
oe 3 2461 | — .099} | O. Morgenroth, A.N.,263, 165, 1937 
3 1354 + .002 
9 ~1170 | —0 | F: Lause, 4.W., 264, 107, 1937 


The phase of primary minimum, when v7 + w = 90°, was found from the spectro- 
scopic elements to be 0.146 day. This residual should not be compared directly with the 
photometric residuals because of its sensitivity to small changes in the spectroscopic ele- 
ments which may be demanded when more velocities become available. No light-curve 
of UY Virginis has been published, but a preliminary mean photographic curve, kindly 
furnished by Mrs. Gaposchkin, indicates a value of e cos w near +0.02 from the position 
of the secondary minimum; the spectroscopic elements of Table 2 give —0.002. 

Further discussion of this difficult system must be postponed until more complete 
observational data are available. 
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LINE BREADTHS AND VOIGT PROFILES 


H. C. vAN DE HuLstT AND J. J. M. REESINCK 
Yerkes Observatory and Utrecht Observatory 
Received A pril 1, 1947 


ABSTRACT 


Voigt functions are useful approximations for the intensity distribution in spectral lines. A table of 
these functions is given, and its use in computations on instrumental distortion is explained. Some 
mathematical properties of the Voigt functions are mentioned. 


1. It is well known that the intensity distribution in a spectral line broadened by two 
independent effects is expressed by the equation 


+o 
f(x) =f dy. (1) 


Here f’(x) and f’’(x) are the profiles that the line would assume if only one of the broaden- 
ing effects was present. All functions f, f’, and /’’ denote intensities, and « is the distance 
from the center of the line in terms of either wave-length or frequency units. 

Often the functions f(x) and f’(x) are known, and /’’(x) has to be found from equation 
(1). Such is the case, for instance, if the observed profile of a spectral line and the in- 
strumental function are known and the true profile is sought. Numerous methods for 
solving the integral equation (1) have been applied.' However, all the general methods 
are very laborious. This is not unexpected, since even the direct integration of equation 
(1) when f’(x) and f’’(x) are given is laborious. A separate integration is then needed for 
each value of x, so that the construction of a single line profile, f(x), requires a large 
number of integrations. 

A short way of solving either problem is to approximate the profiles by analytic 
functions. One of us has shown that Voigt functions are very suitable for this purpose.” 
Convenient tables of these functions are not available. We shall accordingly present 
here a table and a graph which we have found to be useful in practice. With their use the 
method can be applied to other problems without any effort. 

2. The prototype of a method using simple analytic functions as approximations is the 
“half-breadth method.” The profiles are supposed to agree with functions of the Gaussi- 


an type: 
f(%) 


where c and # are constants. If in equation (1) the functions f’(x) and f’’(x) are of this 
type, then so is f(x), and the parameters ( are related by 


= +8," (2) 


The half-breadths, which for Gaussian functions are equal to 1.6652, satisfy a similar 

relation. Therefore, the two operations to which equation (1) gives rise consist of simple 

addition, or subtraction, of the squares of the half-breadths. 
This widely practiced method may be good for frequency functions in mathematical 


1Cf. H. C. van de Hulst, B.A.N., 10, 75, 1946. 2 [bid., p. 79. 
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statistics, but it is unsatisfactory for spectral lines. The reason is that most profiles have 
extended wings, in which the intensity decreases proportionally to «~*. Such wings are 
present in the profiles of lines broadened by collision damping or by radiation damping. 
They are also present in the instrumental curves of most spectrographs (compare sec. 6). 
The classical example of profiles with very strong wings is provided by functions of the 
dispersion type, 


Cc 
f (x) 


where c and 8; are constants. These functions also have the property that two functions 
of this type define by means of equation (1) a third function of the same type. The 
parameters f; are connected by the relation 


6, (3) 


The half-breadths, which for dispersion functions are equal to 26;, must also be added 
linearly. 

As an example, we consider the case of an observed spectral line having a profile of 
the dispersion type with half-width 4 = 2.0 A, while the instrumental profile is also 
known to be of the dispersion type, with h’ = 1.6 A. Since we have to subtract linearly, 
we obtain h’’ = 0.4 A for the true half-width of the line. If, instead, we had applied the 
usual quadratic subtraction, we should have found the value h”’ = 1.2 A, which is three 
times too large. This example shows how much the common half-breadth method may 
be systematically in error when applied to spectral lines. 

Voigt functions’ are a more general type of function, including, as extreme cases, the 
two types mentioned above. They originate as functions f(x) in equation (1) if f’(«) is a 
Gaussian function and f’’(x) is a dispersion function. Thus they are characterized by 
two parameters, 6; and 62, and show more or less strong wings, dependent on the ratio 
Bi/ Be. 

An important theorem (see sec. 5) is: If in equation (1) f’(x) and f(x) are Voigt func- 
tions, then {(x) is also a Voigt function. Their parameters satisfy the relations 


= +62". 


Using this theorem, we can perform the operation (1) and its inverse process very 
rapidly. Only a little more effort is required than in the common half-breadth method, 
and the systematic errors of that method are avoided. In fact, we have found that the 
profiles of most spectral lines which show no asymmetry, fine structure, or strong self- 
absorption are very nearly Voigt profiles. Generally, therefore, equation (1) can be 
solved by the new method as accurately as the observations will permit. 

3. For practical use of this method a set of standard Voigt functions is needed. Table 1 
gives such a complete set. It is based on existing tables. If we denote by A the area 


A= ff (x) dx, | (5) 


3 First studied by W. Voigt, Miinch. Ber., 1912, p. 603. 
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a Voigt function f(x) is completely determined by the parameters A, (i, and B:. Nu- 
merically computed tables have been published for the following cases: 


Bornt: A 6B, =1, 
for 7» =0, 0.1, 0.5, 1, and 2; 
Hjerting®: A = Vz, Bi=a, Bo=1, 


on @,...., 82; GS; Ot, 
TABLE 1 
STANDARD VOIGT PROFILES 
PARAMETERS ORDINATES IN TERMS OF CENTRAL ORDINATE 

0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.05 | 0.02 | 0.01 

Bi/h | Bi/B2| B2/h | B3/h”| 
Widths in Terms of Half-width 

0.000) 0.00) 0.60) 0.36) 1.06)| 0.57) 0.72; 0.86); 1.00)) 1.15) 1.32 1.52) 1.82)| 2.08) 2.38) 2.58 
.025| 0.04) .59| .34) 1.08]} .86)) 1.00)/ 1.15} 1.33 1.53), 1.84)! 2.12) 2.49) 2.82 
.050| 0.09} .57) 1.11 .56} .71) 1.00] 1.15) 1.33] 1.54]; 1.87]| 2.19] 2.63) 3.13 
.075|} 0.14) .55) .31) 1.13]} .56) .71) .86)) 1.00) 1.16) 1.33 1.56] 1.90}| 2.25) 2.79) 3.56 
.100} 0.19) .29) 1.16) .71) .86)) 1.00)) 1.16) 1.34) 1.57) 1.94)| 2.34) 3.00) 4.08 
125| 0.24) .52) 1.18]| .56) .71) .86)| 1.00)| 1.17) 1.34) 1.59)| 1.98)} 2.42) 3.24) 4.58 
.150} 0.30) .50} .25) 1.20)} .55} 1.00)) 1.17} 1.35) 1.60)]| 2.54) 3.52) 5.05 
.175| 0.36) .48) 1.23}} .55) 1.00]| 1.17) 1.36 1.62) 2.06)| 2.64) 3.80) 5.50 
.200| 0.43) 1.25)} .70) 1.00)) 1.18) 1.37) 1.64) 2.10)| 2.75] 4.14) 5.96 
.225| 0.51) .44) .20) .54) .70) 1.00)) 1.18) 1.38 1.66), 2.15}) 2.87) 4.44) 6.40 
.250| 0.59} 1.30)} .54) .70) .84)| 1.00)) 1.18) 1.39) 2.98) 4.73) 6.78 
.275| 0.69} .16) 1.33]| 1.00); 1.19) 1.40 1.71), 2.24|| 3.12) 5.03) 7.15 
.300] 0.79) .38} .14) 1.35]) .53} .69) .84)| 1.00)| 1.19) 1.41 1.74) 2.29}! 3.26} 5.32) 7.52 
.325| 0.92} .35} 1.38]} .53} 1.00)) 1.19) 1.42) 1.77|| 2.34!) 3.39) 5.57) 7.86 
.350} 1.07) .33) 1.40]} .68) .84)) 1.00)) 1.20) 1.44) 1.81)| 2.40]) 3.54) 5.83) 8.21 
.375| 1.26) .30) 1.43/| .52} .68) .83)) 1.00)) 1.20) 1.45) 1.85] 2.46)| 3.70) 6.07) 8.55 
.400} 1.50) .52) 1.00)) 1.21) 1.47) 1.88]) 2.54/| 3.85] 6.30] 8.86 
.425| 1.83 23} 1.48) .51] .83}} 1.00}) 1.21) 1.48) 1.92] 2.64]) 4.00) 6.55) 9.18 
450] 2.38 19} .04) 1.51 .66) .82)| 1.00)! 1.22) 1.50} 2.74)| 4.13} 6.76) 9.50 
.475| 3.54 13} 1.54]; .51) .66} 1.00)) 1.22) 1.52) 2.87|| 4.25) 6.92) 9.77 
0.500; © | 0.00) 0.00) 1.57|| 0.50) 0.66) 0.82)| 1.00) 1.22) 1.53 2.00), 3.00)| 4.36) 7.00) 9.95 


The values of the central ordinate, c, and of the total half-breadth, 4, were found 
for each tabulated function. All ordinates were then divided by ¢ and all abscissae by h, 
and the resulting functions were plotted. Born’s and Hjerting’s tables are complemen- 
tary; together they cover the complete range of positive values of 6;/f2. For the case 
8:/B: = 0.5, which they have in common, the results were found to be in good agree- 
ment. As a further check, the values of the half-breadths in the entire range were com- 
pared with those computed by Minkowski and Bruck;* the differences were less than 


*M. Born, Optik (Berlin: Julius Springer, 1933), pp. 482-86. 
°F. Hjerting, Ap. J., 88, 508, 1938. 
® R. Minkowski and H. Bruek, Zs. f. Phys., 95, 299, 1935. 
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1 per cent. Finally, the values given in our Table 1 were obtained by graphical inter- 
lation. 

mer rrangement of the table-—Since most of the values needed are approximately linear 
functions of B:/h, the table was arranged with equal intervals of this argument. The 
upper line, with 6,/h = 0, gives data on a Gaussian function; the bottom line, with 
B/h = 0.50, gives data on a dispersion function; any intermediate line gives data on a 
particular Voigt function. The first four columns contain the parameters defined above. 
The parameter #, given in the fifth column, is defined by the relation 


A=phc. (6) 
The further columns show to what breadth the line extends at a given fraction of the 


central intensity. In addition to 4 (=o), we use, in particular, the value 001. Figure 1 
illustrates the shape of the line in the two extreme cases and in one intermediate case. 


Fic. 1.—Voigt profiles.G = Gaussian type, D = dispersion type, and the intermediate case of 8:/h= 
0.25 (dotted curve). 


The values in the table are believed to have errors smaller than one unit in the last. 


decimal, with the exception of the values in the last three columns, which may have 
larger errors. This accuracy may be sufficient for all cases in which the approximation of 
line profiles by Voigt functions is suitable. 

4. We shall! now describe what calculations can be performed by means of this table 
and the graph in Figure 2. 

a) To find the parameters for a given profile-—Read the central ordinate, c, the breadth, 
h, of the line at half this ordinate, and the breadth, bo;, at one-tenth of this ordinate. 
Take the ratio bo./h and read the corresponding values of Bi/h, 83 /h?, and p from Figure 
2. Find #, and 6 by substituting the value of 4. In order to check whether the approx- 
imation is good, the breadth at ordinates other than 0.5c and 0.1c as found from the 
table may be compared with the observed widths. As a further check the area may be 
determined by planimetering and by means of formula (6). 

b) To solve the integral equation (1).—Determine the parameters f;, 83, and A for both 
known profiles. Find the parameters for the unknown profile by means of subtraction 
or addition according to equation (4). Find its area from? 


A=A’'-A”. (7) 


c) To construct the profile for given parameters.—Find the value of 8/82 and the cor- 
responding value of 6,/h from Figure 2. Compute h from f; and f,/h; find c from equa- 
tion (6); and multiply the tabulated ordinates and breadths of the standard profile by 
the factors c and h, respectively. 


7 In most cases, where one of the functions is a simple broadening function with the area 1 per defini- 
tion, the rule used is that the area does not change by broadening or nafrowing the line. 
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By combining these three steps several kinds of operations may be performed. If 
many broadening effects have to be combined, or disentangled, it is convenient to repre- 
sent the results graphically as vectors in a ((;, 8;) diagram. Such a diagram will also 
help to estimate how uncertainties in the primary data affect the results. For a practical 
example we may refer to an earlier paper,” in which this method was applied to weak 
lines in the Utrecht Photometric Allas of the solar spectrum. 

5. We may, finally, add some remarks on the mathematical properties of the Voigt 
functions. 

a) The relation (1) can be written symbolically as 


(8) 


and the symbolical product thus defined has all the properties of common products. 
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Fic. 2.—Working graph of the parameters 
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Now if the subscripts g and d denote functions of Gaussian and dispersion types, respec- 
tively, the symbolical product of two Voigt functions may be reduced as follows: 


Sie Se = figs frar foa = Sige fiat Sea = faye Sea = - 


This proves the theorem stated in section 2 and the correctness of equations (4). 
b) Let the Fourier integral of any symmetrical function /(~) be denoted by 


(t) = [cos xt f(x) dx ; (9) 


then, as is well known, the symbolical multiplication in equation (8) corresponds to an 
ordinary multiplication, 


g(t) (t) (10) 


By means of these equations we find that the Fourier integral of a Voigt function has 
the form 


g(t) = Ae Bt , (11) 


as was first derived by Reiche.® 
c) If a profile is not a Voigt profile, its Fourier integral will often admit of the ex- 
pansion 


log (t) =log A — Bit—} BP — (12) 


By neglecting the third- and higher-order terms in equation (12), we approximate the 
given profile by a Voigt profile. We call 6; and {2 its ‘Voigt parameters.” 

d) If functions of the type (12) act together with other Voigt functions or non-Voigt 
functions according to equation (1), the third-order terms lose importance relative to the 
first- and second-order terms. In particular, if many such functions act together, the 
Fourier integral, g(t), of the resulting function is practically zero at the values of ¢ where 
the third-order terms would become important. Thus the combination of many inde- 
pendent broadening effects fends to yield a Voigt profile. 

Theorems closely corresponding to the points mentioned are found in the theory of 
probability distributions.’ In that case, however, the emphasis is on distribution func- 
tions that possess one or more finite momenta, whereas all momenta of the functions 
discussed above are infinite (unless 6; = 0). In particular, if the functions mentioned in 
section d are supposed to have no extended wings, i.e., to have 6; = 0, one obtains the 
well-known theorem of statistics that many independent sources of error yield a Gaussi- 
an distribution function. 

6. For some frequently occurring profiles we list the values of the parameters below: 

a) Doppler broadening.—A pure Voigt profile with 6; = 0 and B? = (2kT/mc*)N; 
B is expressed in wave-length units and the symbols have the usual meanings. 

b) Damping profile-—A pure Voigt profile with 6. = 0; 6; = 1/t, expressed in angu- 
lar-frequency units. Here ¢ is either the time in which the intensity is damped to 1/e of 
its original value or the average time between two collisions. The usual damping con- 
stant, y, equals 26,. To convert into wave-length units, multiply by \?/2zc. 


8A. C. G. Mitchell and M. W. Zemansky, Resonance Radiation and Excited Aloms (Cambridge: 
Cambridge University Press, 1934), pp. 319 ff. 


®S. Chandrasekhar, Rev. Mod. Phys., 15, 1, Appen. IV, 1943. 
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c) Straight slit.—The profile is a rectangular function of breadth, s. The Fourier 
integral is 
St 


2 sin 


g(t) =A 


from which we find the Voigt parameters 6; = 0 and 6, = 0.408s by means of equation 
(12). 

d) Diffraction pattern of straight slit.—The instrumental profile of a perfect spectro- 
graph is determined by the limited size of prism or grating. If the limiting edges are a 
distance s apart, the instrumental function is {sin(rsx/X)/(rsx/d)}?, where x is ex- 
pressed in radians. Its Fourier integral is a triangular function: 


th 


and 0 for ¢ > 2xs/X. By means of equation (12) we find that the best-approximating 
Voigt profile has the parameters 6; = /2ms and 63 = 2(A/2ms)?, both 6, and fe. being 
expressed in radians. 
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ABSORPTION LINES FORMED IN A MOVING ATMOSPHERE 
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ABSTRACT 


Chandrasekhar’s recent theory for transfer of radiation through a Schuster-Schwarzschild model 
atmosphere has been applied to the problem of a uniformly expanding atmosphere. As the velocity of 
expansion increases, the lines are found to become shallower and broader, and an asymmetric wing de- 
velops to the red, in accordance with the earlier work of O. C. Wilson. 

The effects of differential motion in the atmosphere are discussed, and it is shown that any type of 
differential motion, either rotation, expansion, or turbulence, will probably produce a change in the 
equivalent width of the line. 


A moving atmosphere has often been postulated for Cepheid variables and is some- 
times suspected of giving rise to the irregular asymmetries and displacements of lines in 
the spectra of supergiants. The recent work of Chandrasekhar! has established a con- 
venient method of solving the equation of transfer and of computing line profiles. This 
theory is used to determine the line shape for a uniformly expanding atmosphere. The 
more complex case of lines formed in a differentially expanding atmosphere has also been 
treated by Chandrasekhar,’ but the great difficulty of the mathematical problem pre- 
cludes any generality in the natural shape of the line; hence the results obtained indicate 
only in a general way the asymmetries and displacements introduced into a line of the 
usual shape. O. C. Wilson* has estimated the effect of a uniformly expanding atmosphere 
on solar-type lines, without taking account of darkening; and it will be seen that the more 
refined profiles obtained here show the same characteristics as his do. 


FORMULATION OF THE PROBLEM 


A plane-parallel atmosphere of the Schuster-Schwarzschild type is treated. The mate- 
rial in the atmosphere is moving with a velocity w along the line of sight, which makes an 
angle with the normal. To a stationary observer the frequency of the radiation in this 
beam is v; to an observer at rest with respect to the material it is »(1 — ~ [w/ c]). It is con- 
venient to make the approximation 


w 


where vo is the central frequency of the line in a stationary atmosphere. The mass- 
scattering coefficient, o(v), the mass-absorption coefficient, «(v), and the Planck function, 
B(v), are evaluated for the frequency v — (w/c)vo in the equation of transfer, which is 
obtained by the usual arguments. Putting » = cos 6, we have 


WwW 
Cc Cc 
1Ap. J., 100, 76, 1944, and successive papers. 


2 Rev. Mod. Phys., 17, 138, 1945. 5 Ap. J., 82, 233, 1935. 
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Here p is the density at depth z in the atmosphere (measured along the normal), J(v, z, ) 
is the intensity of the beam of frequency v at depth z and at angle @ from the normal as 
seen by the observer at rest, and J is the line emission in frequency v — (w/c)vo as seen 
by an observer at rest with respect to the material, but in frequency » for a stationary 
observer. Following Chandrasekhar,’ it is seen that 


WwW 
c 


where w’ is the velocity of the material along a direction making an angle 6’ to the nor- 
mal, and yu’ = cos 6’. The integration is carried out over a sphere. Two cases may be 
separated: one in which the velocity, w, is symmetrical in sign and direction about the 
normal—an expanding or contracting atmosphere—and one in which it is not—a rotating 
atmosphere. 

Up to the present the discussion has been entirely general. The specification of the 
dependence of w on @ and z defines the problem. We shall consider a uniform velocity of 
expansion, wo, parallel to the normal to the atmosphere. This velocity is independent of 


the depth, z. The component of velocity in the line of sight then is 


WwW (3) 


and is symmetrical in magnitude and direction about the normal. The line emission 
given by equation (2) becomes 


Wo 
J= 1 (> z, u’) du’. (4) 


When expression (4) is put into equation (1) and a Gaussian sum is substituted for the 
integral according to Chandrasekhar’s method for solving the equation of transfer, the 
following set of simultaneous equations is obtained: 


pdz 
WwW Wa WwW 


Here the yu; are the roots of the Legendre polynomial of order 2n, the a; are the Gaussian 
weights, 
+1,+2,...-,£8, 


and 
I; =I, Mi) - 


_ Again following Chandrasekhar’ in his treatment of moving atmospheres, consider the 
intensity 7; of the beam at angle yu; for frequency v; = v + (wo/c)vou: instead of for 
frequency v. Let 

I; vi, 2) (v, z). (6) 
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Then 
ol; ol; Ov; 


but dv;/dz = 0 in a uniformly expanding atmosphere; hence 


Oy; (v, 2) 01; (vi, 2) 


02 Oz (8) 


The right-hand side of equation (8) is determined from equation (5) upon substitution of 
v; for v; hence we get 


which is exactly the equation of transfer for the formation of lines in a stationary 
atmosphere. The solution of equation (9) gives the emergent intensity y,(0, u) of radia- 
tion of frequency v in a beam at an angle characterized by cos 6 = uw. From equation 
(6) we see that this will be the emergent intensity in a frequency v + (wo/c)vou in the 
uniformly expanding atmosphere. Thus, to find the emergent intensity in a beam at 
angle cos“'z and frequency », we need only find the emergent intensity for frequency 
v; — (wo/c)vou in the stationary atmosphere. There is only a simple displacement of the 
line and no interaction of frequencies, as there is in a differentially expanding atmosphere. 
The advance over the treatment of the problem by O. C. Wilson* lies in the fact that we 
can now calculate the required emergent intensities to any degree of accuracy desired 
and that some account of limb darkening is made. 

In the Schuster-Schwarzschild model the lines are assumed to be formed by a scat- 
tering process on top of black-body emission, arising from the local thermodynamic 
equilibrium. Such a process implies a 1:1 relationship between the absorption and the 
emission of quanta of the same frequency—in other words, that the transition must be 
strong. The question arises as to whether such an approximation is at all representative 
of the physical interaction of radiation and material occurring in the atmosphere of a 
supergiant. In supergiants only strong lines are observed, the weak lines disappearing; 
hence it seems that line profiles calculated under the Schuster-Schwarzschild assump- 
tions may be compared with observation with some confidence, even though the lines 
are not resonance lines for which the scattering approximation is strictly valid. 


NUMERICAL WORK 


According to unpublished work by Chandrasekhar, the solution of equation (9) for 
the intensity of the emergent radiation in a beam making an angle cos“'y with the 
normal is, in the mth approximation, 


1, (0, = 37H (10) 


(we have returned to the usual designation /,(0, uw) rather than y,(0, «) for the emergent 
intensity). Here 
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and X, is assumed to be constant with depth. The yu; are the positive roots of the Legendre 
polynomial of order 2n, the k, are the roots of the characteristic equation for the prob- 
lem.‘ The coefficient of darkening is 

3 hy 


where « is a properly defined mean opacity.’ The function H() and the term in brackets 
in equation (10) account for darkening. The definition of H(u) is 


[] (+4) 
i=l 
(13) 
II (1+ kan) 


a=l1 


From the characteristic equation of the problem, which is 


tw (14) 


it is seen that the &. depend upon X, and, consequently, that H(u) depends upon \,, as 
well as upon yu. 
The emergent flux in a given frequency in a line is 


F,= 2 f (15) 


where 7,(0, «) is found from equation (10) when o(v) # 0. The emergent flux in the con- 
tinuum is 


1 
Foon = 2 (0; udm, (16) 


where Ieont(0, ) is the value obtained from equation (10) when o(v) is zero; hence 
\, = 1. The residual intensity 1n the line is 


1 
= => 1 
Toon, (0, udp 


The integrals occurring in equation (17) are evaluated numerically according to equation 
(10) for a series of frequencies until the full line profile is obtained. 

The characteristic roots k. have been tabulated by C U. Cesco, S. Chandrasekhar, 
and J. Sahade.® The argument ) is as defined in this paper. The function H(u) has been 
tabulated by S. Chandrasekhar.’ In his paper, H(u) is designated as H°(u), and his 
argument \ is 1—) as defined in this paper. The value of x/x, required for the calcula- 
tion of the coefficient of darkening was taken from S. Chandrasekhar and Guido Miinch.*® 
There remains only the specification of the dependence of \ on frequency in order that 
the numerical work may be done. 


‘Cf. Ap. J., 100, 76, 1944. 
°Cf. Ap. J., 101, 328, 1945. 7Ap. J., 103, 165 and 183, Table 4, 1946. 
®Ap. J., 100, 355 and 358, Table 1, 1944. 8 Ap. J., 104, 446 and 453, Table 4, 1946. 


(17) 


E 
(9) — 

ary 
dia- 
the 
at 
ncy 
the 
ere, 
red 
nic 
be 
ive 
ng; 
nes 
| 

for | 
he i 
nt 


132 ANNE B. UNDERHILL 


We shall assume that the mass-absorption coefficient x(v) remains constant over the 
width of the line. (We also assume that 8 is constant for this relatively short frequency 
range.) We should like to find a form for \, that would give a line shape in a stationary 
atmosphere that is closely similar to the observed line shape. Hence we write 


(v) 


where A and a’ are constants to be determined by trial, so as to give a line of suitable 
shape, and Av = v — vo. The center of the line in a stationary atmosphere is at vo. The 
use of equations (18), (10), and (17) allows us to calculate the line profile in a stationary 
atmosphere. To determine R, for a moving atmosphere, each /,(0, «) in the integral of 
equation (17) must be calculated for the frequency v — (wo/c)vou. The residual intensity 


(1+ = (1+ (18) 


then is 
‘3/2 1 =~ 1 
R, = i ’ (19) 
I (0, udu 
where 


( Wore y 
gal (20) 


and X,,, and all the quantities depending upon X,,, must be calculated for each value of 
was well as for each frequency v. The Jeont(O, uw) remain the same as for a stationary 
atmosphere, for then d is unity. Since the constant a? is arbitrary, the linear scale of the 
profiles is arbitrary. What is significant in the effect of motion of the atmosphere is the 


relative size of the natural half half-width of the line as determined for a stationary ° 


atmosphere and the maximum Doppler shift (wo/c)vo. Two cases are calculated: one in 
which the maximum Doppler shift is of the order of the natural half half-width of the 
line and one in which it is four times greater. The line is assumed to have a wave length 
of 4000 A, and calculations are carried out for a strong deep line in an FO supergiant, 
8 = 4.407, and for a comparatively shallow line in a B-type supergiant, 8 = 0.808. 
We work in the second approximation. 


RESULTS 


Figure 1 shows the profiles obtained for a strong line in an FO supergiant. Curve 4 
gives the line in a stationary atmosphere, 6 in an expanding atmosphere such that 
(wo/c)vo is of the order of the natural half half-width of the line, and ¢ when (wo/c)m% 
is four times larger. Figure 2 shows a similar series of profiles for a line in a B-type super- 
giant. 

It is immediately seen that in a uniformly expanding atmosphere the lines become 
progressively shallower and broader and that an extended wing develops to the red as 
the velocity of expansion increases. These features were shown to occur by O. C. Wilson* 
and are also indicated in Chandrasekhar’s work.” 

The equivalent width of the line is given by 


1 
W= dy 


(21) 


’ 


W 
0 
q 
t 
d 
le 
a 
t 
i 
V 
f 
0 
h 
V 
h 
d 


ABSORPTION LINES IN MOVING ATMOSPHERE 133 


where Icont(u) gives the emergent intensity in. the continuum and is dependent on angle 
only, and Jhine(v, «) gives the emergent intensity in the line and is dependent on fre- 
quency as well as angle. For a uniformly expanding atmosphere Jhine(v, “) has exactly 
the same form as for a stationary atmosphere, except that v is replaced by v — (wovo/c)u, 
which does not change the integration over frequency, since the limits are infinite. Thus 
for a uniformly expanding atmosphere there should be no change of equivalent width. 
For a differentially expanding atmosphere Chandrasekhar’ has shown that Jiine(v, u) is 
different from J)ine(v, «) in a stationary atmosphere and, consequently, that the equiva- 
lent width changes, increasing as the maximum velocity of expansion increases. 
Determination of the equivalent width of the profiles in Figures 1 and 2 by planimeter 
actually does show a change of equivalent width, amounting to 10 per cent in some cases. 
However, this is mostly due to neglect of the very shallow but extended wings which 
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Fic. 1.—Line in an FO supergiant: a, stationary atmosphere; 5, velocity of expansion of the order of 
the half half-width of the line; c, velocity of expansion four times the half half-width of the line. 


must exist. The same effect will also be met observationally. For this reason and because, 
in general, the atmosphere will expand differentially, a considerable change in equivalent 
width may be expected in a moving atmosphere. 


OBSERVATIONAL CONSEQUENCES 


The asymmetries introduced into the line profile for a velocity of expansion of only 
four times the natural half half-width of the line in kilometers are unmistakable. Thus 
for stars if which the lines are.usually quite sharp, such as F- or G-type giants, the effect 
of a velocity of expansion of 20 km/sec or so would be very noticeable. For the broader- 
lined B-type stars the lower limit to an obvious velocity of expansion would be a little 
higher. Velocities of expansion of the order of the natural half half-width of the line 
would be more difficult to observe, as the asymmetries are then not very marked. Very 
large velocities of expansion of the order of fifty or one hundred times the natural half 
half-width of the line would wash out the line. If a sharp absorption line displaced some 
distance to the violet is observed, it must be concluded that it is formed in a region to 


the 
lary 
1 8) 
able 
The 
ary 
of 
sity 

\/ 
0) 
50 
of 
40 
the 
the 30 
ry 
in 
he 
th 10 
8. 
a 
at 
ne 
as 
n? 

) 


134 ANNE B. UNDERHILL 


which the present theory of stellar atmospheres does not apply. The conditions in sucha 
region would be more closely related to those in shells than to those of a true stellar 
reversing layer. 

Rotating atmospheres could also be treated in principle by the method discussed here. 
The orientation of the axis of rotation in space would have to be specified, as well as the 
velocity of rotation and its variation with z. The full mathematical problem would prob- 
ably be difficult, but it is obvious that the profiles must be symmetrical and that they 
must approach those calculated by Struve and Shajn® as a limiting case. Some change 
of equivalent width from a line in a nonrotating star to one in a differently rotating star 
might be expected, in analogy with the results derived by Chandrasekhar for a differ- 
entially expanding atmosphere, though the relative equivalent widths of the lines in one 
star need not be changed. 

Turbulence, as investigated by Struve and Elvey,'° is also a consequence of motions 
in the atmosphere. The random nature of the stream motions, which are small compared 
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Fic. 2.—Line in a B-type supergiant: a, stationary atmosphere; 6, velocity of expansion of the order 
of the half half-width of the line; c, velocity of expansion four times the half half-width of the line. 


to the total surface of the star but large compared to the average free path of the radiat- 
ing atoms, results in symmetrical profiles; but, as these motions are likely to be differen- 
tial in the z-direction, it would seem probable that the equivalent width of the line is 
affected. Referring to equation (21), we see that, unless J\ine(v, «) has identically the 
same form in a moving atmosphere as in a stationary atmosphere, the equivalent width 
of the line will change. What the change is and whether it is an increase or a decrease 
will depend on the physical characteristics of the problem. The great mathematical dif- 
ficulty of even such a simplified problem as the one treated by Chandrasekhar precludes 
an analytical treatment for the much more complicated case of turbulence, but it seems 
clear that Jjine(v, «) should be different when there is turbulence. It would seem that 
we have here the physical origin of Struve’s observation" that the turbulent velocity as 
derived from the appearance of the line and the equivalent width of the line are related. 


It is with pleasure that I record my indebtedness to S. Chandrasekhar, who suggested 
this problem and gave much assistance in its development. . 


9 M.N., 89, 222, 1928. 
9 Ap. J., 79, 409, 1934. 1 Ap. J., 104, 138, 1946. 
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THE VARIATION IN RADIAL VELOCITY AND SPECTRAL TYPE 
OF THE ULTRA-SHORT-PERIOD VARIABLE, DY PEGASI* 


W. P. BIDELMAN 
Yerkes and McDonald Observatories 
Received A pril 12, 1947 


ABSTRACT 


A radial-velocity range of the order of 45 km/sec has been found for the extremely short-period 
variable, DY Pegasi. The relationship between the velocity-curve and the light-curve is similar to that 
observed for RR Lyrae. The spectral type of DY Pegasi is estimated to vary from A3 at maximum 
light to A9 at minimum. 


The star DY Pegasi' exhibits a regular light-variation with the extremely short period 
of 105 minutes, the photographic range being 0.7 mag. This period is among the shortest 
known. At the suggestion of C. H. D. Steinmetz, who has recently determined a very 
accurate photographic mean light-curve for this star,? ten spectrograms covering two 


TABLE 1 
RADIAL VELOCITIES AND SPECTRAL TYPES 
Mid-exposure Exposure Radial 

(Oct., 1946) (Minutes) tdrexposure | (Km/Sec) ype 
27 .068 15 0.28 —43 
27.082 18 23 A7 
27.098 20 .69 14 A9 
27.116 25 .94 22 A7 
27.134 22 .18 A3 
27.164 16 .59 12 A8& 
27.179 21 .80 6 A9 
pete 27.196 21 .03 18 A3 
eT 27.210 13 0.23 —47 A3 


consecutive cycles of DY Pegasi were obtained in October, 1946, by Dr. G. P. Kuiper 
and the writer, with the 82-inch reflector of the McDonald Observatory. The spectro- 
grams taken have a dispersion of 76 A/mm at Hy. Radial-velocity measurements were 
made on nine of the spectrograms, using the lines H8, Hy, Hé, and K; H6 was given 
half-weight in the reductions. In addition, the spectral type of the variable was estimated 
on each spectrogram from the relative intensity of the K line and the blend H + He, 
using standard stars taken from the Yerkes Aélas of Stellar Spectra. 

The radial-velocity determinations and spectral-type estimates are listed in Table 1 
and illustrated in Figure 1, which also shows the mean light-curve determined by 
Steinmetz. In the radial-velocity plot, the duration of each exposure is indicated; in 


* Contributions from the McDonald Observatory, University of Texas, No. 135. 


HD 218549: a = 2338; 5 = 16°41’ (1900); Harvard spectral type F5; apparent visual magnitude 
at maximum about 10.0. 


B.A.N., 10, 169, 1946. 
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some cases the time to which the measurement of radial velocity refers is rather uncer- 
tain, but each value has been plotted at the time of mid-exposure of the spectrogram. 
The phase relationship between the velocity-curve and the light-curve of DY Pegasi 
appears to be quite similar to that found for RR Lyrae, the well-known cluster-type 
variable, which has a period almost eight times as long.’ The indicated amplitude of the 
velocity variation is also similar to that observed for RR Lyrae. While the spectral-type 
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Fic. 1.—The variation in light, radial velocity, and spectral type of DY Pegasi. In the lower part 
of the figure the duration of each exposure is indicated. 


variation shown in Figure 1 is probably fairly indicative of DY Pegasi’s temperature 
variation throughout its cycle, the spectrum of the variable is not normal at any phase, 
in that the metallic lines generally, and the hydrogen lines in particular, are somewhat 
weaker than in normal stars of the spectral class inferred from the ratio of K to H + He. 
An abnormal weakness of the hydrogen lines has been previously noted for RR Lyrae 
and several other cluster-type variables by Miinch and Terrazas,‘ who found a spectral- 
type variation of A2-F0 for RR Lyrae. 


8 C. C. Kiess, Lick Obs. Bull., 7, 140, 1913; see also R. F. Sanford, Ap. J., 81, 149, 1935. 
4Ap. J., 103, 371, 1946. 
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